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ABSTRACT
The decline in strawberry (Fragaria x ananassa Duch.) production in Arkansas over the
last 50 years has sparked an interest in the use of season extension techniques to improve yield
and fruit quality. High tunnel strawberry production has the potential to become a profitable and
sustainable production system; however, information on nutrient and pest management is
limited.
The overall objective of this study was to determine the response of ‘St. Festival’
strawberry cultivar to different nitrogen fertilizer rates in order to develop a fertilization program
for strawberries grown under high tunnel production systems. Experiments were conducted at the
University of Arkansas Research Station, Fayetteville to determine the effects of nitrogen
fertilizer treatments on yield components, plant tissue analysis, and spider mite incidence.
Nitrogen fertilizer rate had no significant effect on yield components, plant tissue analysis, or
mite incidence for ‘Strawberry Festival’ strawberry grown under high tunnel production systems.
In an effort to understand the lack of response to nitrogen fertilization of ‘St. Festival’, a
greenhouse experiment was conducted to compare the root systems of ‘St. Festival’ to
‘Chandler’, a standard cultivar grown in the mid-south. Overall, ‘Chandler’ had a more
developed root system throughout the growing period than ‘St. Festival’, but the petiole nitratenitrogen concentrations in ‘St. Festival’ were higher than ‘Chandler’ at the end of the season.
The results of this experiment indicate root morphological parameters do not explain the lack of
response by ‘St. Festival’ to nitrogen fertilization.
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Literature Review
Introduction
Twenty Fragaria strawberry species have been described with a range of ploidy levels,
breeding systems, and fruit characteristics (Galletta and Bringhurst, 1990; Staudt, 1989;
Hummer, 1995; Bors and Sullivan, 1998). The genus Fragaria belongs to the family Rosaceae,
which includes many important fruit and nut crops, including apples (Malus domestica Borkh.),
brambles (Rubus spp. L.), pears (Pyrus spp. L.), and almonds (Prunus dulcis Mill.). The most
common native species of strawberry is F. vesca L., which has a large geographical range
spanning over most of Europe, Asia, and the Americas (Hancock and Luby, 1993). However, the
most important cultivated species of strawberry in the world today is F. x ananassa Duch.
(Hancock, 1999). This species is a hybrid of F. chiloensis (L.) Duch. and F. viriginana Duch.,
which occurred accidentally in European gardens growing the two parent species in the 1700s
(Hancock, 1999).
Early historical records suggest strawberries were grown in Greek and Roman gardens,
and cultivation of strawberries began in Europe in the 1300s (Darrow, 1966). Widespread
planting of F. vesca in Europe in the 1500s, and distinction between wild and cultivated
strawberries was recorded after 1530 (Hancock, 1999; Sauer, 1993). In 1766, Antoine Nicholas
Duchene described the current strawberry of commerce (F. x ananassa) (Hancock, 1999).
Fruit quality and yield of F. x ananassa in the early 1800s needed improvement, which
led to the first formal breeding programs of strawberry in England in 1817 by Thomas A. Knight
(Pearl, 1928; Darrow, 1966; Wilhelm and Sagen, 1974). Knight released ‘Downton’ and ‘Elton’
cultivars (Darrow, 1966). In 1836, Charles Hovey released the first North American cultivar,
‘Hovey’, which was a cross of European cultivar ‘Mulberry’ and a native clone of F. virginiana,
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which proved to be better adapted to North America than the English varieties; however, it had
poor fruit set (Hedrick, 1925; Fletcher, 1917). Numerous cultivars were released across the
United States in the 1900s, but many were regional and short-lived and that trend continues
today, although cultivars released from California tend to be grown nationwide (Hancock, 1999).
In Arkansas, the most common varieties grown commercially are ‘Chandler’, ‘Camarosa’, and
‘Sweet Charlie’ (Garcia, personal communication).
Arkansas strawberry production peaked in the 1920s and 1930s, but declined sharply in
the 1970s with the advent of refrigerated trucks which could transport strawberries from climates
more suited to strawberry production, such as California and Florida (U.S. Department of
Agriculture, 2012). Today, strawberry production in Arkansas is less than 200 hectares (U.S.
Department of Agriculture, 2012); however, the potential to expand production using extended
season technologies could revitalize the strawberry industry in the state.

Plant Anatomy and Physiology
Strawberries are cultivated in a large climatic range, although they are most successfully
grown in Mediterranean and temperate climates, which have average summer temperatures
ranging between 15 and 30° C and average winter temperatures ranging between 15 and -20° C
(Galletta and Bringhurst, 1990; Hancock and Luby, 1995; Hancock et al., 1996b). Strawberries
are low-growing, perennial, herbaceous plants with leaves, stolons, inflourescenses, and roots
originating from a central stem or crown (Hancock, 1999). The crown is approximately 2.5 cm
long with a central core surrounded by a vascular ring and the outer edge is covered by stipules
(leaf bases), and the core is primarily made up of pith and a thin cambial layer (Galetta and
Himerlick, 1990; Hancock, 1999). Leaves are arranged spirally in very close intervals around the
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crown axis, flowers are produced at the terminal position of the crown axis, and roots are
produced at the base of the crown (Galetta and Himerlick, 1990; Hancock, 1999). Leaves posses
an epidermis, palisade, and mesophyll layer, and they are pinnate and trifoliate (having three
leaflets) with each leaflet having its own petiolule (small stem) and the full leaf is attached to the
crown with a petiole (Galetta and Himerlick, 1990; Hancock, 1999). Shape, size, and color vary
by cultivar, but all leaves only have stomata on the underside of the leaf (Galetta and Himerlick,
1990; Darrow, 1966). Strawberry plants produce stolons or runners to create “daughter plants”
which are a clone of the parent; runners are two-noded in which one node will produce the
daughter plant and the other node may remain dormant or produce another daughter plant
(Galetta and Himerlick, 1900; Hancock, 1999). Runner production varies by cultivar and has
become a major focus of breeding programs in order to decrease runnering for annual
plasticulture production to reduce the labor cost of removing the runners. If runners are left
attached, the plant would allocate resources to runner production instead of fruit production
(Galetta and Himerlick, 1990; Hancock, 1999). Root growth in strawberry plants will not occur
unless in contact with soil and is generally concentrated in the top 10 to 15 cm of the soil with
about 50-90% of the growth at this depth range, which makes irrigation a crucial factor in
strawberry production (Dana, 1980). Roots form from the base of the crown in a similar pattern
to new leaf formation; new roots grow from higher up on the crown (Galetta and Himerlick,
1990). Primary roots may live for 2-3 years and act as the soil penetrating roots, whereas lateral,
secondary roots usually live 1-2 years and act as feeding and exploring roots (Galetta and
Himerlick, 1990; Hancock, 1999). Flowers are produced in an inflorescence called a cyme, in
which there is a primary blossom, two secondaries, four tertiaries, and eight quaternaries
(Hancock, 1999). Primary blossoms will have the highest number of pistils and this number
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decreases in later blossoms ranging from 60-600 pistils; this means the primary blossom will
have the largest fruit, so great care must be taken to avoid losing this blossom to frost or pests
(Hancock, 1999). Flowers of F. x ananassa are perfect and self-fruitful; they are also primarily
insect pollinated (Hancock, 1999). Although they are called “strawberries”, the fruit of this plant
is not a true berry; it is an “aggregate” fruit made up of receptacle tissue and surrounded by many
ovaries with a single ovule, which produce a seed called an achene (Hancock, 1999). All stigmas
must be fertilized to produce the full shape of the fruit; unfertilized stigmas will not produce an
achene and will cause misshapen fruit (Galetta and Himerlick, 1990).

Photoperiod and temperature
Photoperiodism is the response of an organism to changes in duration of daily, seasonal,
or yearly cycles of light and dark (Encyclopedia Britannica Online, 2015). Strawberries are
classified as short-day, long-day, or day-neutral varieties (Hancock, 1999). Both short-day and
day-neutral strawberry plants are grown commercially in the world today; long-day varieties are
usually grown only in home garden settings (Hancock, 1999). Approximately three months after
planting, day-neutral plants will produce flower buds and crowns regardless of day-length
(Bringhurst and Voth, 1975; Galetta and Bringhurst, 1990). Throughout the season, flower buds
are produced, but high temperatures (greater than 30/26° C day/night) may inhibit bud formation
(Durner et al., 1984). Day-neutral cultivars are gaining popularity for commercial production.
Short-day varieties produce flower buds when there is less than 14 hours of daylight or when
temperatures are less than 15° C; if the temperature is above 15° C, less than 8-12 hours of
daylight will induce flower bud formation depending on the variety (Darrow, 1936, Guttridge,
1985; Larson, 1994). There is debate about the rest period in strawberries. Guttridge (1985)
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suggested 4 to 6 weeks of repeated short days and low temperatures are needed for flower
induction, but Darrow and Waldo (1934) observed that strawberries have regional adaptations
and may vary based on geographic location. For example, southern varieties may grow under
short days with a low growing temperature and may need little or no rest period (Darrow and
Waldo, 1934). Flower buds are initiated in the fall and flowering does not occur until the next
spring after inflorescences have emerged (Battey et al., 1998). Time of fruit harvest depends on
region, but in the mid-South it usually is about 6-8 weeks in May and June. When plants are
being grown perennially, stolons are produced during the warm summer months and those
daughter plants begin the cycle in the next fall; however, commercial strawberry production
today uses an annual plasticulture system.
The most commonly grown cultivar in the world is ‘Camarosa’ (Shaw, 2004). Most
cultivars grown in Arkansas are short-day cultivars including, ‘Chandler’, ‘Camarosa’, ‘Sweet
Charlie’, and ‘Strawberry Festival’ (‘St. Festival’). ‘Chandler’ is a cultivar released from
California and has been known as the standard southeast strawberry variety of choice (Garcia,
personal communication). It tends to have high yield, good flavor and color, and be relatively
cold hardy (Bish and Wechsler, 1998). However, it is a soft berry susceptible to pitting and is
preferred for local markets. ‘St. Festival’ has become the preferred cultivar for research
conducted at the University of Arkansas because it has high fruit quality, high production rates,
low disease incidence, and few insect problems (Garcia, personal communication). Day-neutral
varieties are gaining popularity nationwide, especially ‘Albion’, which has enjoyed success
because of its excellent flavor (Shaw, 2004).
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Cultural practices
a. Production systems
Matted-row production is a perennial system in which strawberries are planted on flat
ground with straw mulch and allowed to produce runners in order to create a system of many
plants in a bed; it is generally used in colder climates and home gardens (Hancock, 1999).
Annual hill plasticulture employs the use of raised planting beds covered in plastic mulch
(usually black) where runners are removed from the mother plant; it is best suited for areas with
mild winters (Hancock, 1999). Yield from matted-row production is based on the production of
runners and the flowers from the mother and daughter plants, whereas annual plasticulture forces
all fruit production from the mother plant (Hancock, 1999). Matted-row production has a low
initial establishment cost as compared to annual plasticulture, but fruit yields from matted-row
are much lower than plasticulture (Hancock, 1999). Plants received for plasticulture will be
either plug plants or bare-root dormant plants (Bish and Wechsler, 2002). Plug plants are almost
twice the cost of bare-root dormant plants, but plug plants are more easily planted using
mechanical harvesting and can be planted later without any yield reduction (Bish and Wechsler,
2002). Bare-root dormant plants are very perishable, but are a good option for some growers for
the savings in plant cost and potential for a longer harvest season (Bish and Wechsler, 2002).
Plants are established closer together in plasticulture and are removed from the planting beds
after every harvest season, but plants in matted-row production are maintained for approximately
3 to 5 years (Hancock, 1999). Another difference is that plasticulture uses drip or trickle
irrigation, and matted-row uses sprinkler or overhead irrigation (Hancock, 1999). Beds for
plasticulture are made approximately 15 cm high and are wide enough for either double or
quadruple row planting across the bed with a drip tape between two rows of plants (Hancock,
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1999). California strawberry growers average nearly 81,000 kg/ha, whereas yields for Arkansas
growers are approximately 23,000 kh/ha (U.S. Department of Agriculture, 2012). High tunnel
strawberry production yields have been nearly 28,000 kg/ha at the University of Arkansas
Research Station, Fayetteville (Garcia, personal communication).

b. Irrigation
As previously stated, strawberry plants have a very shallow root system, which means
irrigation is essential for high yields (Dwyer et al., 1987; Strabobioli, 1988; Mannini and
Anconelli, 1993; Archbold, 1996). Overhead irrigation is primarily used in matted-row
production, especially because it doubles as a frost protection system (Pritts and Handley, 1998).
Drip irrigation is preferred in commercial production because of its efficiency and its ability to
function as a fertilizer delivery system (Hancock, 1999). Drip tapes are placed between a double
row of plants and emitters are added near the plants. The amount of irrigation water needed
varies by climate, but many instruments are used to determine water availability including
tensiometers or gypsum blocks to keep water above 50% available water (Renquist et al., 1982 a,
b; Dwyer et al., 1987; Strabbioli, 1988; Clark et al., 1996). For strawberries grown in
Mediterranean climates with plastic mulch-covered beds, approximately 1200-2000 mm of water
is added per season (Hancock, 1999).

c. Frost Protection
Strawberries grown in the United States outside of California and Florida often require
frost protection methods. The first method used is to plant a cold hardy variety; some varieties
grown in cold climates can survive temperatures of -40 to -46°C when fully hardened (Hancock,
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1999). Floating row covers are also used to help protect from frost (Hancock, 1999). Most
Arkansas strawberry producers use “1.5 ounces” of cloth row cover that is used as a blanket to
provide a warmer environment for the plants (Garcia, personal communication). Overhead
sprinkler irrigation is also used in cold climates for frost protection (Pritts and Handley, 1998).
This protection is achieved by continuously covering plants with a small amount of water that
freezes and releases heat from fusion; water must be turned on when temperatures are near
freezing and continue until temperatures are higher than freezing (Hancock, 1999).

d. Harvest and fruit marketability
Strawberries are harvested by hand, even in commercial production (Hancock, 1999). Upick operations are also popular in the Midwestern and eastern United States, including Arkansas
(Hancock, 1999). Harvesting usually occurs every 2 or 3 days for fresh market sale; processed
market fruit may be harvested less often (Hancock, 1999; Garcia, personal communication).
There is a push by breeders to release a cultivar that would stand up to mechanical harvest for
fresh market sales (Hancock, 1999). The USDA and state regulations have specific information
about grading strawberries for both fresh and processed market. Berries at the University of
Arkansas Agricultural Research Station were deemed marketable based on: color (berries must
be uniformly red having no white and/or otherwise unripe portion extending more than 1/4 below
the cap), luster (berries must have a shiny and appealing luster), shape (berries must have a
uniform shape with no folding/fissuring open/hollow centers, or other disfigurement), physical
damage (no scathing, bruises, holes, bites, cuts, sun scald, water damage, etc.), and disease and
rot (no signs of disease or rot). These grading methods were based on standards created by
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Fayetteville Farmer’s Market strawberry vendor David Dickey of Dickey Farms, Springdale,
AR.

e. Season-extension technologies
While most strawberry production in the United States is grown under ambient
production, new technologies have emerged to extend the season for areas with generally mild
winters, such as Arkansas (Hancock, 1999). High tunnels are semi-circular structures covered in
plastic skin, which protects crops from detrimental climatic events. Unlike greenhouses, high
tunnels do not use heating systems or automated ventilation (Lamont, 2009). Air exchange is
controlled manually by rolling sidewalls and end walls up and down based on weather
conditions. High tunnels require less initial capital investment than a greenhouse, but still have
many of the major benefits of a greenhouse production system. In 1993, Wittwer and Castilla
surveyed the worldwide use of high tunnels and found their use to be most prominent in China
and Japan with the area being used to be 62,000 and 30,000 hectares respectively. Both countries
used their production systems to produce primarily cucumbers (Cucumus sativis-L.), tomatoes
(Solanum lycopersicum-L.), and strawberries. The United States had 3,500 hectares dedicated to
high tunnel agriculture with the primary crops being bedding plants, potted plants, and foliage
plants. On the list of countries using this technology, the United States ranked 15th based on area
being used for high tunnel production. In 2009, Lamont repeated the survey and China was still
dominant in high tunnel use and had increased its production area to 360,000 hectares.
Cucumbers, tomatoes, and sweet peppers (Capsicum annum-L.) were China's primary high
tunnel production crops. Spain, Japan, and Italy followed China in largest area used for tunnel
production. The United States now uses 5,000 hectares for high tunnel production, focusing
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mainly on tomato, cucumber, and lettuce production (Lactuca sativa-L.). While production in the
United States did increase, it still ranked 10th in the list of countries utilizing high tunnels.
High tunnels are used extensively for many crops, and strawberries are the most grown
small fruit in high tunnels worldwide (Lamont, 2009). Most research on high tunnel strawberry
production has shown an increase in fruit quality, higher yield, and decreased disease incidence
compared to field production (Demchak, 2009). However, malformed and small fruit are often
produced in high tunnels due to the lack of pollinating insects in the tunnel, but adding a
bumblebee hive to the tunnel usually improves fruit size and shape (Hancock, 1999).
Greenhouses are also used for strawberry production. These structures have a high
establishment cost not only from the initial investment of the structure, but also the cost of
heating and cooling during the growing season as well as growing medias and nutrient solutions
(Evans, personal communication). Greenhouses allow for better control over environment,
including disease and pest management. A notable difference between high tunnels and
greenhouses is that high tunnels require the use of soil to cultivate the plants, but greenhouses
use alternative growing medias, such as peat moss, coconut croutons, or even water (Evans,
personal communication).

Plant nutrition
a. Function of nutrients and deficiency symptoms
	
  
There are 17 essential nutrients for plant growth: carbon (C), oxygen (O), hydrogen (H),
nitrogen (N), phosphorus (P), potassium (K), sulfur (S), calcium (Ca), magnesium (Mg), boron
(B), chloride (Cl), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), nickel (Ni), and
zinc (Zn) (Campbell et al., 2000). An essential mineral element is one that the plant requires to
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complete its life cycle, is involved in metabolic functions, and another element may not
substitute or replace its function (Raven et al., 1997). Macronutrients are N, P, K, S, Ca, and Mg,
and micronutrients are B, Cl, Cu, Fe, Mn, Mo, Ni, and Zn (Barak, 1999). From a management
perspective, N, P, and K are considered primary nutrients because they are usually the most
limiting in the system (Barak, 1999). Carbon, H, and O are all components of organic
compounds and are important for the process of photosynthesis (Raven et al., 1997). Nitrogen is
a component of amino acids, which form proteins, DNA, and RNA, and it also part of the
chlorophyll structure, hormones, metal uptake, transport in xylem and phloem, osmoregulation,
and biochemical defenses (Barak, 1999). Deficiency symptoms for N show leaf yellowing and
can cause a decrease in crop yield due to its role in so many plant functions (Barak, 1999; Haifa,
2014). Excessive N fertilization can lead to soft fruit, delayed ripening, reduced yields, increased
susceptibility to powdery mildew, and an increase in mite load (Hancock, 1999).
Phosphorus is important for ATP and ADP formation and energy management in the
plant, new root formation, and fruit development (Barak, 1999; Haifa, 2014). Phosphorus
deficiency usually shows as stunted growth and even reddening of leaves with severe deficiency
(Barak, 1999; Haifa, 2014). Potassium plays an important role in acquiring water and controlling
water loss by transpiration; it also assists in preventing fungal and microbial disease as well as
insect damage, and sugar accumulation (Haifa, 2014). Deficiency symptoms of K include
reddening of serrated tips on older leaves which tends to progress between the veins (Haifa,
2014). Strawberries show a unique symptom of potassium deficiency in the rachis (extension of
the petiole to the central leaflet), which will darken and dehydrate (Haifa, 2014). Calcium is
important for cell membrane/wall structure and permeability and helps regulate movement of
other ions (Barak, 1999). Calcium deficiency often shows as “tip burn” or a death of the terminal
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(Haifa, 2014). Sulfur is important for the synthesis of amino acids and enzyme function;
deficiency symptoms show as a yellowing of the whole plant and overall stunted growth (Barak,
1999). Magnesium is a vital component of the chlorophyll molecule and is important structural
component of ribosomes and protein synthesis (Barak, 1999; Haifa, 2014). Magnesium
deficiency is shown as interveinal chlorosis or marginal scorch on older leaves (Haifa, 2014).
Boron has many functions in the plant including: increasing N availability, synthesis of cell wall
components, increases Ca function, pollen-tube viability (fruit development), elongation of roots,
fruit set, and carrying sugars from the leaf to the seeds of fruit (Haifa, 2014). Boron deficiency is
evident in younger leaves, which show puckering, tip-burn, and marginal yellowing with reduced
growth at the growing point (Haifa, 2014). Zinc assists in the production of auxin IAA, enzyme
activation, formation and activity of chlorophyll, protein synthesis, and water absorption (Haifa,
2014). Deficiency in strawberry is exhibited with a discolored “halo” on the serrated margins of
immature leaves with yellowing occurring as the leaf ages (Haifa, 2014). Iron is required for
biological N fixation, protein synthesis, oxygen transport, reduction of nitrates and sulfates, and
leaf darkening to improve solar absorption; plants exhibit iron deficiency as green veins with
yellowing between the veins, but fruit quality and size are not affected by this deficiency (Haifa,
2014). Manganese assists in the production of proteins and amino acids, improves seed
formation, acts as a component of photosystem-II in photosynthesis, and is involved in iron
uptake; it is especially important for strawberries because it can encourage the fruiting and
ripening of the crop (Haifa, 2014). Yellowing of younger leaves followed by scorching and
upward turning of leaf margins is characteristic of magnesium deficiency (Haifa, 2014). Copper
is essential in enzyme systems, water movement within the plant, protein formation, root
metabolism, chlorophyll formation, and has some natural fungicidal effects (Haifa, 2014).
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Deficiency of Cu is expressed as a yellowing of leaf bases on younger leaves (Haifa, 2014).
Molybdenum is important for N fixation, enzyme function, and electron transport; deficiency
symptoms are similar to nitrogen with stunting and leaf yellowing (Haifa, 2014). Petiole NO3-N
is tested to provide information on the availability of soil N (Hicks, et al., 2015).
Arkansas growers use the “Strawberry Monitoring Kit” in which plant tissue samples are
sent to the Fayetteville Agriculture Laboratory six times between March 1-May 15. Sampling
occurs weekly in March, then every 2-3 weeks until the end of the season. Samples are tested for
leaf N, K, S, B, and petiole NO3-N. The cost of sampling is $48/ six-sample kit.

b. Annual plasticulture production system
Nutrient requirements for strawberries are variable between geographical regions and
production systems; annual plasticulture production requires higher nutrient input than mattedrow production (May and Pritts, 1990a). Because of the shallow rooting system, strawberries
require split application of fertilizer, especially N fertilizer, to minimize loss from leaching or
runoff (Schmid, 1993). Annual plasticulture systems may utilize controlled-release fertilizers or
use drip fertigation to deliver nutrients to plants (Voth et al., 1967, Patel and Sharma, 1977; Voth
and Bringhurst, 1990; Hochmuth and Albregts, 1994). California strawberries receive 200-270
kg/ha N preplant and approximately 110 kg/ha N through fertigation during the growing system;
however, strawberries grown in Florida receive much less preplant N (approximately 35 kg/ha
N) with the majority of the N fertilizer being applied through the drip system during the season.
Recommendations for strawberry producers in the mid-south are based on the cultivar Chandler
grown under ambient conditions (Miner et al., 1997). It is suggested that a total of 134 kg/ha N
should be added for the total growing period of the strawberries with half being applied preplant
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in the fall and the other half being fertigated in the spring (Miner et al., 1997). The interval
between injection (1-4 weeks) showed no difference in yield, but plant tissue analysis should be
monitored to understand the status of plant nutrition to make necessary adjustments to the
fertilizer regime (Miner et al., 1997). Strawberry plants prefer the nitrate (NO3-) form of
available N during flowering and fruiting, but prefer ammonium (NH4+) during vegetative
growth (Ganmore-Neumann and Kafkafi, 1985). Optimum nutrient uptake occurred when root
temperature was 25° C and both forms of N were present (Ganmore-Neumann and Kafkafi,
1985). Miner and Campbell (1997) suggest fall application of P at the rate of 34-67 kg P2O5/ha in
the mid-south because they saw no yield increase from spring application of P. Application of K
should occur in the fall at the rate of 134 kg K2O /ha with K only being added in the spring if a
deficiency is noted in plant tissue analysis (Miner et al., 1997). Secondary and micronutrients are
added on a case-by-case basis after plant tissue analysis (Miner et al., 1997). Soil pH should be
6.0-6.2 for mineral soils, 5.5 for mineral organic soils, and 5.0 for organic soils (Campbell and
Miner, 1997). Plant tissue sampling (foliar and petiole) is used to monitor plant nutrition
throughout the season and correct deficiencies based on sufficiency ranges (Tables A.1, A.2).

c. High tunnel production
Very limited information exists on nutrient management for strawberries grown under
high tunnel production systems. One of the objectives of the research being conducted by the
University of Arkansas Strawberry Research Program is to create a N fertilization regime for
strawberries grown under high tunnel systems. Previous research has shown that strawberries do
not show a yield response to N fertilization (Durden, 2013). Yields in high tunnels have been
shown to increase from field production by 54% (Salamé et al., 2010).
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Pest Management
a. Weed Management
Management of weeds in strawberries is crucial because of its shallow rooting system
and subsequent inability to compete for resources (Johnson et al., 2003). Weed problems for
strawberry growers are often localized by region, but many broadleaf and grass weeds affect
production (Galletta and Bringhurst, 1990); Hemphill, 1990; Strand, 1994). In Arkansas, major
weeds affecting strawberry production include Bermuda grass (Cyndodon dactylon) and yellow
nutsedge (Cyprus esculentus) (Garcia, personal communication). Strawberry producers have
relied on methyl-bromide fumigation as a major method of weed control; however, methyl
bromide has been phased out, and there are very few similar, cost-effective alternatives (Johnson
et al., 2003). Plastic mulch is a very important part of weed control because the mulch prevents
germination and growth of weeds (Johnson et al., 2003). Only nine herbicides are labeled for use
in strawberries grown in Arkansas (UAEX MP467, 2015). A newer alternative for herbicides in
row middles is cover cropping, which can reduce weed populations by reducing germination of
weed seeds (Hancock, 1999).

b. Disease management
Many bacterial and fungal diseases affect strawberry production worldwide, and these
diseases can have a serious economic impact by impacting marketable yield (Schaefers, 1990;
Wilhelm and Nelson, 1990; Maas, 1998). Major diseases affecting Arkansas strawberry
production include, leaf spot (Mycospharella spp.), gray mold (Botrytis cinerea), leaf scorch
(Dicplocarpon earliana), red steele (Phytophthora fragariae), leather rot (Phytophthora
cactorum), and powdery mildew (Podosphaera leucotricha) (Johnson et al., 2003). Numerous
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fungicides are labeled for use in Arkansas and should be rotated to prevent resistance (MP145,
2015).

c. Arthropod management
Similar to diseases, arthropod pests affect every strawberry production region in the
world (Schaefers, 1990; Wilhelm and Nelson, 1990; Maas, 1998). The major insect pests
affecting Arkansas strawberry growers include, strawberry weevil/clipper (Anthonomous
signatus Say), lygus bug/tarnished plant bug (Lygus lineolaris Pallisot de Beauvious), strawberry
sap beetle (Stelidota geminata Say), slugs (Limax spp.), two-spotted spider mite (Tetranychus
urticae Koch), cyclamen mite (Stenotarsonemus pallidus Banks), strawberry leaf roller (Ancylis
comptaana Froh), meadow spittle bug (Philaenus spumaris L.), leafhoppers (Cicadellidae spp.),
and eastern flower thrips (Frankliniella tritci). Many insecticides are registered for use in
strawberries in Arkansas and modes of action should be rotated to avoid resistance (MP144,
2015). Two-spotted spider mite (TSSM) is a pest of special importance to high tunnel strawberry
production because the conditions in the high tunnel are ideal for reproduction and density
increase of this pest. They feed on leaf cell contents, which causes leaf bronzing and decreasing
leaf capacity to produce photosynthates for vegetative and reproductive growth as well as fruit
quality (Nyrop and Reissing, 1988). Research on the effects of TSSM in a high tunnel production
system is limited. More information is needed to explain the relationship between plant nutrition
and TSSM incidence. Initial studies at the University of Arkansas suggest different N fertilizer
rates do not affect TSSM incidence, however, higher N rates started to show higher levels of
herbivory and increased cumulative mite days faster than lower N fertilizer rates (Durden, 2013;
Johnson, personal communication).
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Cumulative mite days (CMD) are calculated by:
!"#! = !"#!   +
Where: CMDf = final # CMD

!! !  !!
!

×∆!

CMDi = initial # CMD

Mf = following # mites per leaflet

Mi = initial # mites per leaflet

∆t = # days between sample dates

Objectives
The objectives of this study were:
1. To determine the effect of four N fertilizer treatments on yield components, and on plant
tissue (foliar and petiole) nutrient levels in order to develop a N fertigation management
program to optimize strawberry production
2. To compare the root systems of ‘St. Festival’ and ‘Chandler’ strawberry under N-limited
growing conditions in a greenhouse
3. To evaluate the effects of four N fertilizer treatments in on the incidence of TSSM and the
effect yield for strawberries in a high tunnel plasticulture system
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Chapter 1. Effect of nitrogen fertilizer on yield components and plant tissue analyses of
‘Strawberry Festival’ strawberry grown using high tunnel production systems
Abstract
Demand for fresh strawberries (Fragaria x annanassa-Duch.) has increased dramatically
in recent years. However, total strawberry production in Arkansas and surrounding region has
decreased from approximately 1,700 hectares in 1970 to less than 200 hectares today (U.S.
Department of Agriculture, 2012). The growing season for strawberries in Arkansas is short,
extending from May to June. There is a market potential to produce berries during the offseason using season-extension technologies such as high tunnels. Strawberry plasticulture
production under high tunnel systems can extend the growing season. Most of the research
information on strawberry nutrient management available to producers is based on field research.
However, fertilizer inputs may need to be adjusted to meet the needs of plants under high tunnels
since the plant is actively growing for a longer period of time. The objective of this experiment
was to determine the effect of four N fertilizer treatments on yield components, and on plant
tissue (foliar and petiole) nutrient levels in order to develop a N fertigation management program
to optimize high tunnel plasticulture strawberry production. The cultivar, Strawberry Festival,
was planted in a randomized complete block design in a high tunnel. The whole experimental
area received 50 kg N/ha pre-plant, which follows current recommendations for open-field
production of strawberries in the mid-south. During the growing season, plants received N
through fertigation in the form of ammonium nitrate (34N-0P-0K). Fertigation treatments were:
0 kg N/ha/day, 1.12 kg N/ha/day, 1.68 kg N/ha/day, and 2.24 kg N/ha/day. Strawberries were
harvested from 1 Apr. to 13 May and were separated into marketable or unmarketable berries.
There was no significant difference in marketable yield among N treatments, nor was there a
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significant difference in unmarketable (p<0.05). This result indicates that ‘St. Festival’ can be
grown with limited or no nitrogen fertigation, which would improve economic returns and
reduce environmental impacts.

Introduction
High tunnel production systems allow specialty crop producers to expand the growing
season of their crops because of their ability to control the growing conditions more easily. Small
fruits are not the dominant crops being grown in high tunnels in the United States; however,
worldwide, strawberries (Fragaria x annanassa-Duch.) are the most grown small fruit in tunnels
(Lamont, 2009). Most research on high tunnel strawberry production has shown an increase in
fruit quality, higher yield, and decreased disease incidence compared to field production
(Demchak, 2009). ‘Chandler’ has been known as the standard southeast strawberry variety of
choice for field production. It tends to have high yield, good flavor and color, and be relatively
cold hardy (Bish and Wechsler, 1998). However, it is a soft berry susceptible to pitting and is
preferred for local markets. Research in Florida conducted by Salamé et al. (2010) used three
cultivars of strawberries (‘Strawberry Festival’, ‘Winter Dawn’, and ‘Florida Elyana’) and
compared their growth using high tunnels versus open fields. The study found early and total
yields to be higher for all cultivars using high tunnel production. Early yield increased by 29%
and total marketable yield increased by 54% across all cultivars. Salamé et al. (2010) also found
‘St. Festival’ to perform best in high tunnel production; it had the highest early production and
was less affected by low temperatures. Furthermore, during freeze events, ‘St. Festival’ had the
highest marketable yield of the three cultivars. Cultivars recommended for open field growing in
Arkansas include ‘Sweet Charlie’, ‘Chandler’, and ‘Camarosa’. Benefits of ‘Sweet Charlie’
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include its early ripening, preferred flavor, and resistance to anthracnose fruit rot (Bish and
Wechsler, 1998). Problems with ‘Sweet Charlie’ are its susceptibility to Phythrophthora
cactorum (crown rot) and likeliness to decrease in berry size during mid-season. ‘Camarosa’ is
best known for its quality shelf-life and ability to grow later in the season than ‘Chandler’ (Bish
and Wechsler, 1998). The University of Arkansas has been conducting research on high tunnel
strawberry growth for the past three years and found ‘St. Festival’ to perform the best in high
tunnel production. It shows high fruit quality, high production rates, low disease incidence, and
few insect problems (Garcia, personal communication).
Research has been conducted in North Carolina suggesting strawberries of the variety
‘Chandler’, under open-field plasticulture management, should receive 134 kg/ha nitrogen (N)
on sandy soils in which half of the fertilizer is applied in the fall and the other half applied
through fertigation in the spring (Miner et al., 1997). Application of N fertilizer during the spring
for open-field production is advised at the rate of 0.84 kg/ha/day. Other studies in North Carolina
have suggested over-application of nitrogen fertilizer can produce soft or misformed fruit, delay
ripening, cause excessive vegetative growth, and delayed ripening (Hochmuth and Albregts,
1994). Therefore, it is vital to Arkansas strawberry growers to have a specific guide for N
requirements for high tunnel production. Preliminary data from the University of Arkansas
Research Station in Fayetteville on strawberries under high tunnels shows that there is no
significant difference between N fertilizer treatments on yield (Garcia, personal communication).
Crown number is a measurement used to predict yield in strawberries. Research has
shown that crown number accounted for more than 50% of the yield variance, so it is suggested
that the potential yields of strawberry plantations can be predicted from crown counts made
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during the dormant period (Mason and Rath, 1980). Yield in strawberries is also positively
correlated with plant fresh and dry weight as well as root length (Bartczak et al., 2010).
Foliar testing is a standard procedure for commercial strawberry producers. Leaf nutrient
analysis allows growers to monitor their nutrient management system by comparing their results
with standard sufficiency ranges and make adjustments as necessary. Petiole nitrate-nitrogen
testing is essential because it gives the grower an indication of the N available to the plant.
Arkansas growers use the “Strawberry Monitoring Kit” in which plant tissue samples are sent to
the Fayetteville Agriculture Laboratory six times between March 1-May 15. Sampling occurs
weekly in March, then every 2-3 weeks until the end of the season. Samples are tested for leaf N,
K, S, B, and petiole NO3-N. The cost of sampling is $48/ six-sample kit.
Nitrogen is a part of the chlorophyll structure and is a vital part of photosynthesis (Haifa,
2014). If the plant is N deficient, it will not trap light energy efficiently, which will impact the
entire photosynthetic pathway. Nitrogen also functions as the building blocks of proteins,
especially amino acids, which play an important role in the function of enzymes. Deficiency
symptoms are evident on middle-aged leaves, which turn yellow or even reddish depending on
the severity of the deficiency (Haifa, 2014). Petiole nitrate-nitrogen is tested to provide
information on the availability of soil nitrate (Hicks, et al., 2015). Phosphorus is vital to ATP and
ADP formation and energy management in the plant (Haifa, 2014). Phosphorus is also important
for new root formation as well as fruit development (Haifa, 2014). Deficiency symptoms of P
include a dark green appearance and reduction in leaf size, and, as severity increases, the
undersides of leaves may become purple or show a deep, metallic gloss (Haifa, 2014). Potassium
plays an important role in acquiring water and controlling water loss by transpiration; it also
assists in preventing fungal and microbial disease as well as insect damage, and sugar
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accumulation (Haifa, 2014). Deficiency symptoms of K include reddening of serrated tips on
older leaves which tends to progress between the veins (Haifa, 2014). Strawberries show a
unique symptom of K deficiency in the rachis (extension of the petiole to the central leaflet),
which will darken and dehydrate (Haifa, 2014). Boron has many functions in the strawberry
plant including: increasing N availability, synthesis of cell wall components, increases Ca
function, pollen-tube elongation (fruit development), elongation of roots, fruit set, and carrying
sugars from the leaf to the fruit (Haifa, 2014). Boron deficiency is evident in younger leaves,
which show puckering, tip-burn, and marginal yellowing with reduced growth at the growing
point (Haifa, 2014).
The objective of this experiment was to determine the effect of four N fertilizer
treatments on yield components, and on plant tissue (foliar and petiole) nutrient levels in order to
develop a N fertigation management program to optimize high tunnel plasticulture strawberry
production.

Materials and Methods
High Tunnel Construction
This project was conducted in an 18 m x 9 m moveable Rimol© Rolling Thunder™ high
tunnel (Rimol Greenhouse Systems Inc., Hooksett, NH) at the University of Arkansas
Agriculture Research and Extension Center in Fayetteville, Arkansas [lat 36°5’4” N, long.
94°10’29”W; soil series Captina silt loam (Typic auidults)]. The tunnel was covered with 6 mm
polyethylene plastic film treated with a UV block and anti-dust additive. The land had been
previously been left fallow and was populated primarily by Bermuda grass (Cyndodon dactylon).
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Initial Soil Amendments
The Captina silt loam soil in the tunnel is moderately well drained with medium to high
runoff and slow permeability; mean annual temperature of the soil is 13°C (Soil Survey Staff,
2015). Prior to the construction of planting beds, pre-plant nutrients were added to the soil based
on initial soil analysis from the University of Arkansas Diagnostic Laboratory (Table C.2). The
soil analysis showed a pH of 5.8, so pelletized dolomitic lime was added at the rate of 1120
kg/ha. The ideal pH for strawberry production is 6.0-6.2 for mineral soils, 5.5 for mineral organic
soils, and 5.0 for organic soils (Campbell and Miner, 1997). Trace minerals were also added
including zinc (Zn) at the rate of 2.46 kg Zn/ha as zinc sulfate, copper (Cu) at the rate of 3.47 Cu
kg/ha as copper sulfate, and boron (B) at the rate of 0.28 kg B/ha as disodium octaborate
tetrahydrate. Nitrogen was also added at the rate of 50 kg/ha in the form of calcium nitrate.
Planting Bed Construction
Beds were constructed using a tractor and bed-forming implement that creates black
plastic covered raised beds (15 cm high x 75 cm wide). At the same time, a drip irrigation tube
was added under the plastic layer with emitters every 30 cm. One main tube was attached to the
fertilizer injector system and four secondary lines were inserted into the main line per row. One
secondary line was turned on per row based on the fertilizer treatment being applied.
Experimental Design
This experiment was set up with a randomized complete block design with four
treatments and six replications for a total of 24 experimental units. Each plot contained 24 ‘St.
Festival’ plants spaced 30 cm apart in double rows and data was collected on 16 plants with 4
plants at each end acting as buffer plants between treatments. Each plot was 3.6 m long.
Fertilizer applications were based on standards from North Carolina for the cultivar Chandler
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grown under ambient conditions (Campbell and Miner, 1997). The fertilizer treatments were
applied via irrigation lines in the form of ammonium nitrate (34N-0P-0K). Treatment 1 was a
control treatment (no N was added via fertigation), treatment 2 was 1.12 kg N/ha/day, treatment
3 was 1.68 kg N/ha/day, and treatment 4 was 2.24 kg N/ha/day. Total N received by treatment 1,
2, 3, and 4 during the entire season was 0 kg N, 117.6 kg N, 176.4 kg N, and 235.2 kg N, per
hectare respectively.
Plug plants were established on 13 Sept. 2013. The plots were fertilized fifteen times
during the season (Table C.1). Fertigation occurred weekly except when the temperature was too
low (less than approximately 7° C) when the plants were not actively growing. The fertigation
system allowed each treatment to be performed at once using a Dosamatic MicroDos 2 injector
(Hydro Systems Company, Cincinnati Ohio), which has a 5% injection rate and a max flow of 3
GPM. The fertilizer solution was created using 750 mL water and the appropriate fertilizer rate
based on treatment. Each solution had 2 mL Turf Mark® Blue added in order to track the
solution through the irrigation lines (BASF Corporation, Research Triangle Park, NC). Once all
the solution had left the line, the fertigation system was turned off. Water was only applied to
plants in the form of fertilizer solution. To confirm each plot was receiving the treatments as
assigned, a trial was performed to measure the solution that was being delivered to each plot.
Buckets were placed at the end of the drip line at the emitter and the solution was collected once
the solution turned blue (using 2 mL Turf Mark® Blue). Only blue solution was collected. The
volume of each sample was taken, and a subsample of that solution was analyzed using Skalar
SanPlus autoanalyzer. This colorimetric method is a modified Berthelot reaction using salicylate
and sodium nitroprusside and is adapted from USEPA method 351.2. EPA-600/4-79-020, revised
1983. This analysis was conducted at the Agricultural Diagnostic Laboratory- Altheimer – Dept.
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of C.S.E.S., University of Arkansas, Fayetteville. Results of that trial indicated that the rate of
fertilizer solution being delivered to each plot was accurate.
Plant Tissue Analysis
To evaluate the effects of different N fertilizer treatments, foliar and petiole analyses
were taken seven times throughout the study (Table C.3). Sampling was done on a sunny day
because solar exposure strongly affects petiole nitrate-nitrogen levels in strawberry plant tissues
(Hicks et al., 2015). The procedure was the same for each sample. Six most recently mature
trifoliate leaves (MRMLs) were sampled at random per plot and combined for each treatment
(Campbell and Miner, 2000). Petioles were removed from the leaves and analyzed separately.
After collection, leaves and petioles were rinsed in deionized water. In the laboratory, leaves
were dried for 24 hr at 55oC in a convection oven. Samples were analyzed for total N, which was
conducted by combustion in an Elementar rapid N III analyzer instrument (Elementar Americas
Inc., Mt. Laurel, NJ), and P, K, S, and B by wet digestion using concentrated nitric acid and 30%
hydrogen peroxide on a hot block (Jones and Case, 1990). A 0.25 g sample was digested and
brought to 25 mL volume. The digestate was analyzed using an inductively coupled plasma
spectrophotometer (ARCOS-SOP, ICP - Spectro Analytical Instrument, Mahwah, NJ). Nitratenitrogen in the petioles was determined by extraction with water and colorimetric analysis by
nitration of salicylic acid with measurement using a ThermoSpectronic 20D+ spectrophotomer.
This analysis was conducted at the Agricultural Diagnostic Laboratory- Altheimer – Dept. of
C.S.E.S., University of Arkansas, Fayetteville.
Soil Analysis
Soil samples were taken from the tunnel at four times during the experiment. One sample
was taken before planting on 22 Aug. 2013 (Table C.2). After planting, one sample was taken on
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12 Nov. 2013 before colder temperatures began (Fig. B.1). During harvest, one sample was taken
on 10 Apr. 2014. A final sample was taken one week before removal of the plants from the
tunnel on 30 May 2014. For each sample, five soil cores were taken randomly from each plot of
one treatment (6 plots/treatment). These soil cores were mixed together, and a subsample was
taken from that mix and analyzed. To measure pH and EC, a 1:2 soil-water ratio
(weight:volume) was measured using the method indicated by Donahue (1983). Nitrate-nitrogen
was measured using a KCl extraction with analysis by the cadmium reduction method using a
Skalar SanPlus autoanalyzer. To measure P, K, Ca, Mg, S, Zn, Fe, Mn, Cu, and B, soil samples
were extracted by Mehlich-3 solution (Mehlich, 1984), and the extract was measured by using
the Spectro ARCOS-SOP (side on plasma)-ICP method at the Agricultural Diagnostic
Laboratory –Altheimer- Dept. of Crop Soil and Environmental Science, University of Arkansas,
Fayetteville.
Yield Components
Data was collected on yield components, including marketable fruit weight and number,
unmarketable fruit weight and number, and average fruit weight. Crown number was counted
two times during the season, and plant and root dry weight was measured at the end of the
growing season. Berries were deemed marketable based on: color (berries must be uniformly red
having no white and/or otherwise unripe portion extending more than 1/4 below the cap), luster
(berries must have a shiny and appealing luster), shape (berries must have a uniform shape with
no folding/fissuring open/hollow centers, or other disfigurement), physical damage (no scathing,
bruises, holes, bites, cuts, sun scald, water damage, etc.), and disease and rot (no signs of disease
or rot).
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Soluble Solids
Measurements of soluble solids were taken each time fruit was harvested. Fruit was
harvested by treatment and mixed together to form a composite. Three sub-samples of three
berries were taken from the composite and analyzed using a refractometer. Due to limited
resources, samples were not taken by plot.
Analysis
All total season harvest yield components (marketable fruit weight and number,
unmarketable fruit weight and number, average fruit weight), crown number, and root and plant
dry weight were tested using the GLM procedure in SAS (SAS version 9.3, SAS Institute, Cary,
NC). The level of significance was 0.05. The variables were random.

Results
Yields for all treatments (1: control, 2: 1.12 kg N/ha/day, 3: 1.67 kg N/ha/day, 4: 2.24 kg
N/ha/day) were similar and there were no significant differences between treatments for
marketable fruit weight (F=0.54 P=0.66), marketable fruit number (F=1.13 P=0.37),
unmarketable fruit weight (F=0.85 P=0.49), unmarketable fruit number (F=0.45 P=0.72), or
average fruit weight (F=1.13 P=0.37) (Table 1.1). Yield for the season peaked in late April, and
the trends for all treatments for marketable yield per plant over the season were similar (Fig. 1.1)
There were no significant differences in root dry weight at the end of the growing season
between N fertilizer treatments (F=0.60 P=0.62). The 1.12 kg N/ha/day treatment exhibited the
greatest root dry weight and the control treatment exhibited the lowest root dry weight (data not
shown).
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There were no significant differences in plant dry weight at the end of the growing season
between nitrogen fertilizer treatments (F=1.66 P=0.22). The 2.24 kg N/ha/day treatment
exhibited the highest plant dry weight and the control treatment exhibited the lowest plant dry
weight (data not shown).
There were no significant differences in crown number early in the growing season (21
Feb. 2014) between N fertilizer treatments (F=1.29 P=0.31). The 1.68 kg N/ha/day treatment
exhibited the highest crown number and the 2.24 kg N/ha/day treatment exhibited the lowest
crown number (data not shown).
There were no significant differences in crown number at the end of the growing season
(11 Jun. 2014) between N fertilizer treatments (F=0.90 P=0.47). The 1.68 kg N/ha/day treatment
exhibited the highest crown number and the 2.24 kg N/ha/day treatment exhibited the lowest
crown number (data not shown).
Soluble solid data was not statistically analyzed due to limited resources not allowing for
random sampling (data not shown).
Plant tissue analysis and soil analysis data was not statistically analyzed due to the
restrictive cost of testing (Tables C.2, C.3). However, the soil analysis trends showed a
difference in the way the N fertilizer treatments were affecting soil pH and soil EC. The highest
N fertilizer treatment showed a drop in pH from 6.3 in Nov. 2013 to 5.3 in May 2014, and a
spike in soil EC from 97 to 691 ummohs/L (Figs. 1.2, 1.3). In contrast, the no nitrogen treatment
showed only a slight drop in soil pH from 6.2 to 5.9 and a small increase in soil EC from 89 to
162 ummohs/L (Figs. 1.2, 1.3).
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Table 1.1 Yield components of ‘St. Festival’ strawberry under four nitrogen fertigation
treatments in a high tunnel
Yield Components
Treatments

No.
fruit/plant

Avg. fruit
weight (g)

Marketable
yield (kg/plant)

Marketable yield
(kg/ha)y

Percent marketable
fruit

0.00 kg N/ha/day

22.4

16.5

0.37

15,908

81%

1.12 kg N/ha/day

23.0

14.3

0.33

14,188

80%

1.68 kg N/ha/day
2.24 kg N/ha/day

25.4
25.1

13.9
14.2

0.35
0.36

15,048
15,478

85%
85%

Significance
(p<0.05)z

NS

NS

NS

NS

NS

y
z

Assuming 42,996 plants per hectare
Significance at p<0.05 by LSD test
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Figure 1.1 Trend of marketable yield over time for ‘St. Festival’ under four nitrogen fertigation
treatments in a high tunnel
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Figure 1.2 Soil pH for ‘St. Festival’ grown under four nitrogen fertigation treatments in a high
tunnel*

*Lime applied 1 Sept. 2013
Data not statistically analyzed
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Figure 1.3 Soil EC (1:2 water) for ‘St. Festival’ grown under four nitrogen fertigation treatments
in a high tunnel
0.8
0.7
Soil EC (dS/m)

0.6
0.5
0.4
0.3
0.2
0.1
0.0
3-Oct

22-Nov

0.0 kg N/ha/day

11-Jan

2-Mar

1.1 kg N/ha/day

Data not statistically analyzed
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21-Apr

1.7 kg N/ha/day

10-Jun

2.2 kg N/ha/day

Discussion
The results of this experiment indicate N fertilizer rate does not affect yield components,
nor does it affect root or plant dry weight when ‘St. Festival’ is grown under high tunnel
conditions for this soil and in this environment. Crown number was also not statistically different
between nitrogen fertilizer treatments.
Standards from North Carolina for plant tissue nutrient concentrations for ‘Chandler’
strawberries grown under ambient conditions are both similar and different to the results of this
study. All treatments had leaf N concentrations in or near the range of 3-4%, leaf K
concentrations in or near the range of 1.1-2.5%, leaf S concentrations in or near the range of
0.15-0.4%, and leaf B concentrations in or near the range of 25-50 mg/kg (Campbell and Miner,
2000). Our results agree with those suggested by Campbell and Miner for leaf nutrient
concentration; however, our results differ for petiole NO3-N concentrations. Recommendations
state that by the second or third week after bloom (middle of March), petiole nitrate nitrogen
concentrations should reach between 4,000 and 6,000 mg/kg and slowly decline for the next
twelve weeks to 1,000 to 2,000 mg/kg (Campbell and Miner, 2000). Once again, these
suggestions are made for plasticulture strawberries grown under ambient conditions. The petiole
NO3-N concentrations for all treatments never reached higher than 3,000 mg/kg and stayed
within a range of 1,000 to 3,000 mg/kg. The trend over time for petiole nitrate nitrogen is not
similar to the recommendations from North Carolina (Table A.2, Fig. A.1). Since these
recommendations are also based on information for the cultivar ‘Chandler’, there may be
differences in N utilization by ‘St. Festival’ plants.
The yield components for ‘St. Festival’ showed no statistical significance among
treatments. One potential contributing factor to this result is the cold temperatures during the
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winter of 2013-2014 (Fig. B.1). The low winter temperatures did not allow fruit production until
late March; however, in past years, fruit production has started in December and continued
through May (Garcia, personal communication). Low yields were recorded as a result. In
previous years, yields have reached 28,000 kg fruit/ha (Garcia, personal communication). A
study on N fertilization of ‘St. Festival’ was conducted during the 2012-2013 season, their results
showed no significant difference in yield for different N fertilizer treatments ranging from no N
through fertigation up to 0.75 kg N/ha/day (Durden, 2013). In our study, no significant
differences in yield were found for four N fertilizer treatments ranging from no nitrogen through
fertigation up to 2.2 kg N/ha/day. University of Florida recommends 1.1-1.4 kg N/ha/day when
growing this cultivar under ambient conditions, but these recommendations do not reflect the
results from growing this cultivar under high tunnel conditions in Arkansas (Whitaker et al.
2012).
Although the soil analysis data was not statistically analyzed, the trends in soil pH and
soil EC show that the high N fertilizer rate was causing a change in the soil quality (for its ability
to have high producing strawberry plants) very rapidly. The cost of remediation for this soil
would be very high not only because of the cost of liming to raise the pH, but also the need to
remove the plastic from the tunnel to allow for rainfall on the soil to attempt to leach or wash
away the high concentration of salts in the soil. Salts could also be leached using irrigation
water; however, that approach also costs money and resources. Research at Penn State has shown
that removal of the high tunnel plastic decreases soluble salt level by 77% (Sanchez, 2015).
Sanchez (2015) suggests that if removal of the plastic is not an option, applying 2.5 cm water to
leach salts may also be effective; however, this method requires the cost of irrigation.
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Conclusions
Results from two years of growing ‘St. Festival’ under high tunnels suggest this cultivar
does not respond to N fertigation the same as ‘Chandler’ for this soil; therefore, the potential to
grow this cultivar sustainably is very high. Reduced N fertilization would be beneficial to the
soil. High rates of nitrogen fertigation in a high tunnel system results in decreased pH and
increased EC, due to lack of runoff and leaching (Fig. 1.2, 1.3). Less money spent on nitrogen
fertilizer would improve the economic welfare of the farmer and could be passed on to farm
employees in the form of higher wages. The time spent monitoring the fertigation process could
be reduced with less N fertilizer needed, and this is another cost savings for the farmer. The
results of this study indicate that further testing is needed in other regions of Arkansas and on
different soil textures to create a N fertilizer regime for high tunnel strawberry production.
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Chapter 2. Comparison of root systems of two strawberry cultivars (Strawberry Festival
and Chandler) grown in a greenhouse
Abstract
Recent research at the University of Arkansas has indicated that the strawberry cultivar
‘Strawberry Festival’ (Fragaria x annanassa-Duch.) does not respond to spring N fertilization
when grown in high tunnel production systems (see Chapter 1 results). In an effort to understand
this response, an experiment was conducted to compare the root systems of ‘Strawberry Festival’
to a standard cultivar grown in the mid-south, ‘Chandler’. Bare-root plants were established in
black plastic pots with masonry sand as the growing medium. Plants were fertigated using a
standard two-tank system with a pump for soilless media production. Nitrogen was limiting in
the system by reducing the nitrate concentration by 50% as compared to a solution designed to
provide complete nutrition for strawberries. The objective of this study was to compare the root
systems of ‘St. Festival’ and ‘Chandler’ strawberry under N-limited growing conditions in a
greenhouse. Twenty plants per cultivar were removed from pots at approximately 3 week
intervals (6 Oct.-12 Dec.) and the vegetative portion was analyzed for leaf and petiole nutrient
concentration, and the root system was analyzed using WinRHIZO® software for washed roots
analysis (Regent Instruments Inc., Quebec, Canada). Leaf N concentration was significantly
different between cultivars at the beginning and at the end of the growing period (6 Oct. and 12
Dec.). Petiole NO3-N was significantly different between cultivars on 6 Oct., 26 Oct., and 12
Dec. ‘Chandler’ had a higher leaf nitrogen and petiole NO3-N on 6 Oct., but ‘St. Festival’ had a
higher leaf nitrogen and petiole NO3-N on 26 Oct. and 12 Dec. Root surface area, root diameter,
and root volume were significantly different between cultivars on 17 Nov. and 12 Dec. The
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results of this study indicate the root morphology of ‘St. Festival’ does not explain why it does
not respond to nitrogen fertilization.

Introduction
Research at the University of Arkansas on nutrition management for the strawberry
cultivar ‘Strawberry Festival’ (Fragaria x annanassa-Duch.) grown under high tunnels has
prompted the need for further studies on the morphology of this strawberry cultivar. ‘St. Festival’
does not respond to N fertilization under high tunnel conditions; however, the cause of this lack
of response is unknown. One possible explanation for this result is that ‘St. Festival’ has a highly
developed root system that is capable of extracting more nutrients from the soil than ‘Chandler’,
the standard cultivar grown in the mid-south. Research from the University of Florida has stated
that ‘St. Festival’ has a vigorous rooting system (Whitaker et al., 2012).
The strawberry plant is shallow rooted; fifty to ninety percent of strawberry roots are
located in the top 10-15 cm of the soil (Dana, 1980). Because of this, strawberries are sensitive to
nutrient leaching and require frequent drip fertigation to provide adequate nutrition. Root growth
is best at cool temperatures (12.8° C) (Roberts and Kenworthy, 1956; Proebsting, 1957).
Strawberry shoot growth is highest at root temperatures of 24°C and sharply decreases at
temperatures higher than that (Proebsting, 1957). WinRHIZO® software for washed roots
analysis has been used as an accurate way to measure root length, root surface area, root
diameter, and root volume (Himmelbauer et al., 2004). A relationship between root
morphological parameters and nutrient uptake has been shown in fruit trees in the Rosaceae
family (Atkinson and Wilson, 1980), so a similar relationship may exist for strawberries.
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Foliar testing is a standard procedure for commercial strawberry producers. Leaf nutrient
analysis allows growers to monitor their nutrient management system by comparing their results
with standard sufficiency ranges and make adjustments as necessary. Petiole NO3-N testing is
essential because it gives the grower an indication of the N available to the plant. Arkansas
growers use the “Strawberry Monitoring Kit” in which plant tissue samples are sent to the
Altheimer Diagnostic Lab, Fayetteville six times between March 1-May 15. Sampling occurs
weekly in March, then every 2-3 weeks until the end of the season. Samples are tested for leaf N,
K, S, B, and petiole NO3-N. The cost of sampling is $48/ six-sample kit (Garcia, personal
communication).
Nitrogen is a part of the chlorophyll structure and is a vital part of photosynthesis (Haifa,
2014). If the plant is N deficient, it will not trap light energy efficiently, which will impact the
entire photosynthetic pathway. Nitrogen also functions as the building blocks of proteins,
especially amino acids, which plays an important role in the function of enzymes. Deficiency
symptoms are evident on middle-aged leaves, which turn yellow or even reddish depending on
the severity of the deficiency (Haifa, 2014). Petiole NO3-N is tested to provide information on
the availability of soil N (Hicks, et al., 2015). Phosphorus is vital to ATP and ADP formation,
new root formation, and fruit development (Haifa, 2014). Phosphorus deficiency symptoms
include a dark green appearance and reduction in leaf size, and, as severity increases, the
undersides of leaves may become purple or show a deep, metallic gloss (Haifa, 2014). Potassium
plays an important role in acquiring water and controlling water loss by transpiration; it also
assists in preventing fungal and microbial disease, insect damage, and sugar accumulation
(Haifa, 2014). Deficiency symptoms of K include reddening of serrated tips on older leaves
which tends to progress between the veins (Haifa, 2014). Strawberries show a unique symptom
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of K deficiency in the rachis (extension of the petiole to the central leaflet), which will darken
and dehydrate (Haifa, 2014). Boron has many functions in the strawberry plant including:
increasing N availability, synthesis of cell wall components, increases Ca function, pollen-tube
viability (fruit development), elongation of roots, fruit set, and carrying sugars from the leaf to
the seeds of fruit (Haifa, 2014). Boron deficiency is evident in younger leaves, which show
puckering, tip-burn, and marginal yellowing with reduced growth at the growing point (Haifa,
2014).
The objective of this study was to compare the root systems of ‘St. Festival’ and
‘Chandler’ strawberry under N-limited growing conditions in a greenhouse. The hypothesis was
that the strawberry cultivar ‘St. Festival’ will have a more developed root system than
‘Chandler’.

Materials and Methods
Pre-experiment preparation
Plants were received as bare-root dormant plants from Lassen Canyon Nursery (Lassen
Canyon Nursery, Inc., Redding, CA). Plants were established on 12 Sept. 2014 in 570 cm3 black
plastic pots with drainage holes on the bottom (BWI Industries, Springfield, MO). Masonry sand
was used as the growing medium. Before the plants were placed into the sand, a 1:100 solution
of OxiDate® 2.0 and water was flushed through the sand to kill any potential pathogens, and the
plants were also dipped in a 1:100 solution of OxiDate® 2.0 and water for five minutes to kill
any pathogens on the plant itself (BioSafe Systems, LLC., East Hartford, CT).
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Experimental Design
This experiment was conducted in a 18 m x 9 m greenhouse at the University of Arkansas
Agriculture Research and Extension Center in Fayetteville, Arkansas [lat 36°5’4” N, long.
94°10’29”W]. There were three benches inside the greenhouse. The center bench measured 12.2
m x 1.2 m, and the two benches on the outside nearest the side walls measured 10.7 m x 1.2 m.
All three benches were utilized in this project.
The design of the experiment was created using the PLAN procedure (SAS ver. 9.3, SAS
Institute, Gary, NC). The experiment had four blocks. Two blocks were on the center bench, and
one block was on each of the outside benches. The blocks were centered on the benches to avoid
variation created by differences in temperature and humidity throughout the greenhouse. Within
each block, there were ten rows. The ten rows were paired into five pairs and each pair had a row
of each cultivar (St. Festival or Chandler). Within each row, there were four black plastic pots
with one plant in each pot. Each pot in the row was given a sampling date (5 Oct.-12 Dec.).
Greenhouse Environment
Temperature inside the greenhouse was kept between 18° and 24° C day and night. Fans
and an evaporative cooler would come on to cool the greenhouse, and an electric heater would
come on to warm the greenhouse. No data was taken on light intensity or day length.
Fertilization
The fertilizer solution used is based off the Yamazaki strawberry solution and the
Morgan strawberry solution and adapted for Arkansas conditions (Evans, personal
communication) (Table D.1). The solution created by Dr. Evans was taken and adapted for this
project by decreasing the amount of nitrate in the solution by 50%. This was done by decreasing
the amount of CaNO3 and replacing that Ca with calcium EDTA. Fertilization occurred sixteen
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times during the length of the experiment (Table D.2); however, because plants were being
removed completely from the system throughout the experiment, most plants did not receive this
many fertilizer treatments. Fertilizer was applied every 3-4 days (based on sun exposure and
wetness of the growing media) for approximately 4 min. or until fertilizer solution began
dripping out the bottom of the pot. Water was only applied to plants in the form of fertilizer
solution.
Plant Maintenance
During the experiment, both flowers and runners were removed from the plants.
Pest Management
Plants were inspected weekly using a hand lens to scout for insect pests. A large
population of greenhouse white flies (Trialeurodes vaporariorum-Westwood) became
established early in the experiment. Danitol 2.4 EC (Valent U.S.A. Corporation, Walnut Creek,
California) was applied on 2 Oct. 2014 and 15 Oct. 2014 at the rate of 779.2 mL/ha using a
backpack sprayer which eliminated the whiteflies.
Plant Sampling
Plants were sampled five times. One sample was taken at the time of planting on 12 Sept.
2014 as the initial measurement for the bare-root plant. Samples were then taken approximately
every three weeks: 6 Oct. 2014, 26 Oct. 2014, 17 Nov. 2014, 12 Dec. 2014. Sampling was done
on a sunny day because solar exposure strongly affects petiole nitrate-nitrogen levels in
strawberry plant tissues (Hicks et al., 2015). Plants were fully removed from the pot including
roots. The vegetative portion of the plant was analyzed for nutrient concentrations, and the root
system was analyzed separately from scanned images.
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Plant Tissue Analysis
All leaves and petioles were used for plant tissue analysis. All leaves were removed from
petioles and analyzed separately. Leaves were analyzed for N, P, K, Ca, Mg, S, Na, Fe, Mn, Zn,
Cu, B, and NO3-N. Petioles were analyzed for NO3-N. After collection, leaves and petioles were
rinsed in deionized water. In the laboratory, leaves were dried for 24 hr at 55oC in a convection
oven. Samples were analyzed for total N, which was conducted by combustion in an Elementar
rapid N III analyzer instrument (Elementar Americas Inc., Mt. Laurel, NJ), and P, K, Ca, Mg, S,
Na, Fe, Mn, Zn, Cu, and B by wet digestion using concentrated nitric acid and 30% hydrogen
peroxide on a hot block (Jones and Case, 1990). A 0.25 g sample was digested and brought to 25
mL volume. The digestate was analyzed using an inductively coupled plasma spectrophotometer
(ARCOS-SOP, ICP - Spectro Analytical Instrument, Mahwah, NJ). Nitrate nitrogen in the
petioles was determined by extraction with water and colorimetric analysis by nitration of
salicylic acid with measurement using a ThermoSpectronic 20D+ spectrophotomer. This analysis
was conducted at the Agricultural Diagnostic Laboratory- Altheimer – Dept. of C.S.E.S.,
University of Arkansas, Fayetteville. Analysis of plant tissue analysis was performed using the
MIXED procedure in SAS with a significance level of 0.05 and treatment as a random variable
(SAS version 9.3, SAS Institute, Cary, NC).
Root Morphological Parameters
Roots were analyzed after removal from the crown of the plant. The roots were separated
from each other and spread out in a clear plastic tray measuring 13.2 cm x 19.0 cm 9 (Fig. 2.1).
Roots were spread out to avoid two roots next to each other, which may have been read as a
single root. The tray was scanned using an Epson® Perfection Flatbed Scanner V700/V750 1.8
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V3.83 3.83 (Epson America, Inc., Long Beach, CA). The images were analyzed using
WinRHIZO® software for washed roots (Regent Instruments Inc., Quebec, Canada). Analysis of
the root parameters was performed using the MIXED procedure in SAS with a significance level
of 0.05 and treatment as a random variable (SAS ver. 9.3, SAS Institute, Gary, NC).
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Figure. 2.1 Strawberry roots prepared for scanning using WinRHIZO® software for washed
roots analysis

51

Results
Plant Tissue Analysis
Results from foliar and petiole analysis (leaf N, P, K, Ca, Mg, S, Na, Fe, Mn, Zn, Cu, B,
NO3-N, and petiole NO3-N) indicate that early in the season, ‘Chandler’ had higher leaf %N, leaf
%P, leaf Fe, leaf B, and leaf NO3-N, but on the later sampling dates, ‘St. Festival’ had higher
concentrations of those elements. ‘Chandler’ had a higher leaf K concentration throughout the
season. ‘St. Festival’ had higher leaf %Mg, leaf %S, leaf Na, and leaf Mn than ‘Chandler’ on
every sampling date. Leaf Zn and leaf Cu were higher in ‘St. Festival’ on early dates, but were
higher in ‘Chandler’ on later dates. Petiole NO3-N was higher in ‘Chandler’ on the first sampling
date, but higher in ‘St. Festival’ on later dates. Plant tissue analysis was not conducted on 12
Sept. because bare root plants have no vegetative material.
a. Leaf %N
‘St. Festival’ and ‘Chandler’ had significantly different leaf %N on 6 Oct. (F=16.05 and
P<0.0001) and 12 Dec. (F=16.05 and P=0.0002) (Fig. 2.1). On 6 Oct., ‘Chandler’ had a higher
leaf %N than ‘St. Festival’; however, on 12 Dec., ‘St. Festival’ had a higher leaf %N than
‘Chandler’ (Fig. 2.2)
b. Leaf %P
Leaf %P was significantly different between cultivars on 17 Nov. (F= 4.50 and P=0.001)
and 12 Dec. (F=4.50 and P=0.0249) with ‘St. Festival’ having a higher leaf %P on both these
dates (Fig. 2.3). Although not significant, ‘Chandler’ had a higher leaf %P on the first sampling
date.
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c. Leaf %K
Throughout the growing period, ‘Chandler’ had a higher leaf %K than ‘St. Festival’, and
the difference was significant on 6 Oct. (F=2.74 and P=0.0009) and 17 Nov. (F=2.74 and
P=0.01) (Fig. 2.4).
d. Leaf %Ca
On 6 Oct., ‘Chandler’ had a significantly higher leaf %Ca than ‘St. Festival’ (F=10.89
and P=0.0005); however, on 17 Nov., “St. Festival’ had a higher leaf %Ca than ‘Chandler’
(F=10.89 and P=0.0344) (Fig. 2.5). At the end of the season, ‘St. Festival’ had a higher leaf %C;
however, the difference was not significant.
e. Leaf %Mg
‘St. Festival’ had a higher leaf %Mg on all dates but was significantly different from
‘Chandler’ only on 26 Oct. (F=18.46 and P=0.003), 17 Nov. (F=18.46 and P<0.0001), and 12
Dec. (F=18.46 and P<0.0001) (Fig 2.6).
f. Leaf %S
Cultivars were significantly different for leaf %S on 6 Oct. (F=6.50 and P<0.0001), 26
Oct. (F=6.50 and P=0.005), and 12 Dec. (F=6.50 and P=0.03) with ‘St. Festival’ having a higher
leaf %S throughout the growing period (Fig. 2.7).
g. Leaf Na
Leaf Na (mg/kg) was significantly different on 12 Dec. (F=1.21 and P=0.01), and ‘St.
Festival’ had higher leaf Na on that date (Fig. 2.8). On all sampling dates, leaf Na was higher in
‘St. Festival’.
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h. Leaf Fe
On 6 Oct., leaf Fe (mg/kg) was significantly different between cultivars (F=4.20 and
P=0.04) with ‘Chandler’ having the higher leaf Fe (Fig. 2.9). There was no significant difference
between cultivars on the other sampling dates.
i. Leaf Mn
Leaf Mn (mg/kg) was significantly different on 6 Oct. (F=3.16 and P=0.0009), 26 Oct.
(F=3.16 and P<0.0001), and 17 Nov. (F=3.16 and P=0.0076), and ‘St. Festival’ had higher leaf
Mn on all dates (Fig. 2.10).
j. Leaf Zn
‘St. Festival’ had higher leaf Zn on 6 Oct. than ‘Chandler’; however, the difference was
not significant. On 26 Oct., (F=5.03 and P=0.02) ‘St. Festival had significantly higher leaf Zn
than ‘Chandler’, and on 17 Nov. (F=5.03 and P=0.02), cultivars were significantly different for
leaf Zn, but ‘Chandler’ had a higher leaf Zn (Fig. 2.11). Leaf Zn was also higher for ‘Chandler’
on 12 Dec. than ‘St. Festival’.
k. Leaf Cu
‘St. Festival’ had a significantly higher leaf Cu (mg/kg) than ‘Chandler’ on 26 Oct.
(F=9.62 and P=0.001) (Fig. 2.12). On 6 Oct. ‘St. Festival’ had higher leaf Cu than ‘Chandler’,
but on 17 Nov. and 12 Dec. ‘Chandler’ had higher leaf Cu than ‘St. Festival’; however, these
differences were not significant.
l. Leaf B
Leaf B (mg/kg) was significantly different on 6 Oct. (F=26.93 and P=0.001) with
‘Chandler’ having higher leaf B than ‘St. Festival’, but on 17 Nov. (F=26.93 and P=0.003) and
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12 Dec. (F=26.93 and P<0.0001) ‘St. Festival’ had a higher leaf B than ‘Chandler’ (Fig. 2.13).
At the end of the season, B levels in the plant were considered toxic for strawberries (Table A.1).
m. Leaf NO3-N
There were no significant differences for leaf NO3-N between cultivars on any sampling
dates (P>0.05) (Fig. 2.14).
n. Petiole NO3-N
Petiole NO3-N was significantly different between cultivars on 6 Oct. (F=9.36 and
P=0.0003), 26 Oct. (F=9.36 and P=0.02), and 12 Dec. (F=9.36 and P=0.01) (Fig 2.14).
‘Chandler’ had a higher petiole NO3-N on 6 Oct., but ‘St. Festival’ had a higher petiole NO3-N
on 26 Oct. and 12 Dec. (Fig 2.15).
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Figure 2.2 Mean leaf %N (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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12 Dec. 2014

Figure 2.3 Mean leaf %P (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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Figure 2.4 Mean leaf %K (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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Figure 2.5 Mean leaf %Ca (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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Figure 2.6 Mean leaf %Mg (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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Figure 2.7 Mean leaf %S (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
0.35
0.30

*
*

Leaf %S

0.25

*

0.20
St. Festival
0.15

Chandler

0.10
0.05
0.00
6 Oct. 2014

26 Oct. 2014 17 Nov. 2014 12 Dec. 2014

*=significant at p<0.05 by LSD test, n=20

61

Figure 2.8 Mean leaf Na (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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Figure 2.9 Mean leaf Fe (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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Figure 2.10 Mean leaf Mn (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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12 Dec. 2014

Chandler

Figure 2.11 Mean leaf Zn (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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Figure 2.12 Mean leaf Cu (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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Figure 2.13 Mean leaf B (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse under
N-limited conditions over time
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Figure 2.14 Mean leaf NO3-N (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse
under N-limited conditions over time
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Figure 2.15 Mean petiole NO3-N (±SE) for ‘St. Festival’ and ‘Chandler’ grown in a greenhouse
under N-limited conditions over time
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12 Dec. 2014

Root Morphological Parameters
Using WinRHIZO® software for washed roots analysis, images of the roots were
analyzed for root length, root surface area, root diameter, and root volume (Fig. 2.16). ‘St.
Festival’ and ‘Chandler’ had significantly different root lengths at time of planting (F=3.29 and
P=0.03) and 17 Nov. (F=3.29 and P=0.04) (Table 2.1). On 12 Sept., ‘St. Festival’ had a longer
root length than ‘Chandler’; however, on 17 Nov. ‘Chandler’ had a longer root length than ‘St.
Festival’ (Table 2.1). The two cultivars had significantly different root surface areas on 17 Nov.
(F=6.66 and P<0.0001) and 12 Dec. (F=6.66 and P<0.0001) (Table 2.2). ‘Chandler’ had a larger
root surface area on both those dates (Table 2.2). ‘Chandler’ and ‘St. Festival’ had significantly
different root diameters on 17 Nov. (F=6.89 and P=0.0007) and 12 Dec. (F=6.89 and P<0.0001)
(Table 2.3). ‘Chandler’ had a larger root diameter on both those dates (Table 2.3). The two
cultivars had significantly different root volumes on 17 Nov. (F=8.29 and P<0.0001) and 12 Dec.
(F=8.29 and P<0.0001) (Table 2.4). ‘Chandler’ had a larger root volume on both those dates
(Table 2.4).
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Figure 2.16 Root systems of ‘Chandler’ and ‘St. Festival’ at the beginning (5 Oct.) and end (8
Dec.) of the growing period
5 Oct.

8 Dec.
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Table 2.1 Root length of ‘St. Festival’ and ‘Chandler’ strawberry grown in sand in a greenhouse
on five sampling dates
Root length (cm)
Cultivar

12 Sept. 2014 6 Oct. 2014

26 Oct. 2014

17 Nov. 2014

12 Dec. 2014

St. Festival

1311.7

1249.7

1283.5

1579.4

1559.5

Chandler

1106.0

1406.9

1469.4

1771.5

1664.2

*

NS

NS

*

NS

Significance

NS= Non-significant * Significant (P<0.05) by LSD test, n=20
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Table 2.2 Root surface area of ‘St. Festival’ and ‘Chandler’ strawberry grown in sand in a
greenhouse on five sampling dates
Root surface area (cm2)
Cultivar

12 Sept. 2014

6 Oct. 2014

26 Oct. 2014

17 Nov. 2014

12 Dec. 2014

St. Festival

233.3

203.1

232.9

367.8

375

Chandler

189.1

231.9

280.1

Significance

NS

NS

NS

477.4
*

508.4
*

NS= Non-significant * Significant (P<0.05) by LSD test, n=20
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Table 2.3 Average root diameter of ‘St. Festival’ and ‘Chandler’ strawberry grown in sand in a
greenhouse on five sampling dates
Root diameter (mm)
Cultivar

12 Sept. 2014 6 Oct. 2014

26 Oct. 2014

17 Nov. 2014

12 Dec. 2014

St. Festival

0.57

0.52

0.57

0.72

0.74

Chandler

0.56

0.53

0.61

0.85

0.98

Significance

NS

NS

NS

*

*

NS= Non-significant * Significant (P<0.05) by LSD test, n=20
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Table 2.4 Root volume of ‘St. Festival’ and ‘Chandler’ strawberry grown in sand in a greenhouse
on five sampling dates
Root volume (cm3)
Cultivar

12 Sept. 2014 6 Oct. 2014

26 Oct. 2014

17 Nov. 2014

12 Dec. 2014

St. Festival

3.32

2.67

3.41

7.30

7.55

Chandler

2.66

3.08

4.32

10.5

12.5

Significance

NS

NS

NS

*

*

NS= Non-significant * Significant (P<0.05) by LSD test, n=20
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Discussion
The results of this study indicate that root morphology (root length, root surface area, root
diameter, and root volume) does not explain the way ‘St. Festival’ is taking up and utilizing N.
The trend for petiole NO3-N is opposite for ‘St. Festival’ and ‘Chandler’ throughout the growing
period. Increasing petiole NO3-N during the growing period suggests the petioles in ‘St. Festival’
plants do not perform similarly to ‘Chandler’. This is important because the fertilizer
recommendations for the mid-south are based on ‘Chandler’ grown under ambient conditions,
and those recommendations may not be accurate for ‘St. Festival’ based on the results of this
study, as well as the results of the study on N fertilizer rates under high tunnel production (see
Chapter 1 results). Although the level of B in the leaves is considered toxic for strawberries, the
high concentrations of leaf N in ‘St. Festival’ have a relationship to N uptake (Table A.1). Boron
increases the availability of N for the plant, so the high amount of B may have improved N
uptake for ‘St. Festival’ (Haifa Group, 2014). However, this study raises further questions about
the translocation and assimilation of N in the ‘St. Festival’ plant.
One concern from this study is that the temperature of the growing medium may have
been too high. The temperature in the greenhouse ranged from 18° and 24° C, and root growth is
maximized at 12.8°C (Roberts and Kenworthy, 1956; Proebsting, 1957). Greenhouse
temperature may have affected the ability of the strawberry plants to grow extensive root
systems; however, soil temperature was not recorded. We also experienced many cloudy days,
which may have affected photoperiodic responses of the plants. Supplemental light was not used
in this experiment.
Overall, root morphology parameters do not explain the behavior of N in ‘St. Festival’. A
study using N15 tracking throughout the plant may explain the translocation of the nutrient,
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especially in the petiole. It may also be beneficial to analyze the crown of the plant for N
concentration, as it is possible that ‘St. Festival’ is storing N in the crown similar to other
Rosaceae plants such as apple trees (Millard and Geret, 2010). Further research on assimilation
and translocation of N in ‘St. Festival’ would improve nutrient management for this cultivar.
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Chapter 3. Effect of nitrogen fertilizer rate on two-spotted spider mite (Tetranychus urticae
Koch) incidence on ‘Strawberry Festival’ strawberry grown using high tunnel production
systems
Abstract
Strawberries (Fragaria x annanassa Duch.) are one of the most popular fruits in the
United States, and the demand for this fruit has increased dramatically in the last 50 years. Land
used for strawberry production in Arkansas has decreased to less than 200 ha. The harvest season
in Arkansas is only 6-8 weeks long in May and June. Some specialty crop producers have started
to use season-extension technologies, such as high tunnels, but information on pest management
for strawberry plasticulture production in a tunnel is limited. Strawberries are susceptible to
many insect pests, but in a high tunnel production system, two-spotted spider mite (TSSM)
(Tetranychus urticae Koch) populations can explode due to the warmer temperatures and higher
humidity. Because strawberry plants are actively growing and producing fruit for a longer period
of time in a high tunnel than in ambient production, precise information about managing insect
pests is vital. Information on the relationship of N fertilization and TSSM incidence is needed.
Previous research has suggested that high rates of N fertilization may lead to an increase in
TSSM population by causing a decrease in plant defense mechanisms against herbivory. The
objective of this study was to evaluate the effects of four N fertilizer treatments in on the
incidence of TSSM and the effect yield for strawberries in a high tunnel plasticulture system.
The cultivar, Strawberry Festival, was planted in a randomized complete block design under a
high tunnel. The whole experimental area received 50 kg N/ha pre-plant, which follows current
recommendations for open-field production of strawberries in the mid-south. During the growing
season, plants received nitrogen through fertigation in the form of ammonium nitrate (34N-0P-
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0K). Fertigation treatments were: 0 kg N/ha/day, 1.12 kg N/ha/day, 1.68 kg N/ha/day, and 2.24
kg N/ha/day. Every two weeks, five leafets per plot were sampled and TSSM were counted using
a stereoscope. Results from this study indicated there was no significant interaction between N
fertilizer rate and TSSM incidence using LSD test (p<0.05); however, due to cold winter
temperatures, a large population of TSSM was never established.

Introduction
Pest control in high tunnels is an area of interest to specialty crop producers that needs
additional research. In open-field production, many insect pests can cause damage to strawberry
plants (Fragaria x annanassa Duch.). Leafhoppers (Cicadellidae spp.), cutworms (Agrotis
ipsilon), cyclamen mites (Stenotarsonemus pallidus Banks), aphids (Aphis spp.), and strawberry
clippers (Anthonomus sigatus Say) tend to be the most problematic pests to ambient strawberry
growth (Bish and Wechsler, 1998). Two spotted spider mites (Tetranychus urticae Koch) have
also been identified as a problem for both ambient and high tunnel strawberries due to their
ability to feed on leaf cell contents which causes leaf bronzing and reducing leaf capacity to
produce photosynthates for vegetative growth, reproductive growth, fruit quality (Nyrop and
Reissig, 1988). Two-spotted spider mite (TSSM) populations have been shown to increase
rapidly on plants receiving a high rate of N fertilizer, but then decrease quickly to low densities
(Daugherty, 2011). Research conducted on tomato (Solanum lycopersicum-L.) indicated that
leaves with increased N availability had decreased allocation to defenses against TSSM
(Hoffland et al., 2000). Yield reduction from high TSSM population has been shown to be a
result of a decrease in the number of strawberries produced per plant and not a decrease in fruit
size (Sances et al., 1981; Walsh et al., 1998). Mite feeding on apples has been shown as a major
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cause of organelle destruction and protoplast coagulation (Tanigoshi and Davis, 1978); however,
strawberry leaves seem to be more tolerant of mite feeding because the physiochemical
disruption only occurred in the cell that was directly penetrated (Campbell et al., 1990). Damage
from TSSM feeding on strawberry leaves affects epidermal cells on the lower surface and
spongy and palisade parenchyma cells (Sances et al., 1979; Campbell et al., 1990). Increased N
fertilization has been shown to increase populations of mites in bean plants, (Najafabadi et al.,
2011) as well as increased mite damage in apple trees (Campbell et al., 1990).
Foliar testing is a standard procedure for commercial strawberry producers. This testing
allows growers to monitor their nutrient management system. Leaf nutrient analysis allows
growers to monitor their nutrient management system by comparing their results with standard
sufficiency ranges and make adjustments as necessary. Petiole NO3-N testing is essential because
it gives the grower an indication of the nitrate available to the plant. Arkansas growers use the
“Strawberry Monitoring Kit” in which plant tissue samples are sent to the Fayetteville
Agriculture Laborator six times between March 1-May 15. Sampling occurs weekly in March,
then every 2-3 weeks until the end of the season. Samples are tested for leaf N, K, S, B, and
petiole NO3-N. The cost of sampling is $48/ six-sample kit.
Nitrogen is a part of the chlorophyll structure and is a vital part of photosynthesis (Haifa,
2014). If the plant is N deficient, it will not trap light energy efficiently, which will impact the
entire photosynthetic pathway. Nitrogen also functions as the building blocks of proteins,
especially amino acids, which plays an important role in the function of enzymes. Deficiency
symptoms are evident on middle-aged leaves, which turn yellow or even reddish depending on
the severity of the deficiency (Haifa, 2014). Petiole NO3-N is tested to provide information on
the availability of soil nitrate (Hicks et al., 2015). Phosphorus is vital to ATP and ADP formation
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and energy management in the plant (Haifa, 2014). It is also important for new root formation as
well as fruit development (Haifa, 2014). Deficiency symptoms of P include a dark green
appearance and reduction in leaf size, and, as severity increases, the undersides of leaves may
become purple or show a deep, metallic gloss (Haifa, 2014). Potassium plays an important role in
acquiring water and controlling water loss by transpiration; it also assists in preventing fungal
and microbial disease, insect damage, and sugar accumulation (Haifa, 2014). Deficiency
symptoms of K include reddening of serrated tips on older leaves which tends to progress
between the veins (Haifa, 2014). Strawberries show a unique symptom of K deficiency in the
rachis (extension of the petiole to the central leaflet), which will darken and dehydrate (Haifa,
2014). Boron has many functions in the strawberry plant including: increasing nitrogen
availability, synthesis of cell wall components, increases Ca function, pollen-tube viability (fruit
development), elongation of roots, fruit set, and carrying sugars from the leaf to the seeds of fruit
(Haifa, 2014). Boron deficiency is evident in younger leaves, which show puckering, tip-burn,
and marginal yellowing with reduced growth at the growing point (Haifa, 2014).
Research on the effects of TSSM on strawberries under high tunnels is limited.
Preliminary research conducted at the University of Arkansas has shown differing N treatments
have no significant differences in TSSM levels; however, higher N rates started to show higher
levels of herbivory and increased mite incidence faster than lower N fertigation rates (Durden,
2013). Further testing on the effect of nitrogen fertilization on TSSM incidence would improve
pest management regimes for high tunnel strawberry growers in the mid-south. The objective of
this study was to evaluate the effects of four N fertilizer treatments on the incidence of twospotted spider mites and the effect yield for strawberries in a high tunnel plasticulture system.

82

Materials and Methods
High Tunnel Construction
This project was conducted in a 15 m x 9 m Farmtek© high tunnel (Farmtek, Dyersville,
IA) at the University of Arkansas Agriculture Research and Extension Center in Fayetteville,
Arkansas [lat 36°5’4” N, long. 94°10’29”W; soil series Captina silt loam (Typic Fraguidults)].
The tunnel was covered with 6 mm polyethylene plastic film that treated with a UV block and
anti-dust additive.
Initial Soil Amendments
The Captina silt loam soil in the tunnel is moderately well drained with medium to high
runoff and slow permeability; mean annual temperature of the soil is 13°C (Soil Survey Staff,
2015). Prior to the construction of strawberry beds, pre-plant soil amendments were added based
on initial soil analysis from the University of Arkansas Diagnostic Laboratory (Table E.3). The
pH of this soil was 5.4, so dolomitic lime was added at the rate of 2,240 kg/ha. Phosphorus (P)
was added at the rate of 53 kg P/ha as monoammonium phosphate, zinc (Zn) at the rate of 5 kg
Zn/ha as zinc sulfate, copper (Cu) at the rate of 5 kg Cu/ha as copper sulfate, and boron (B) at the
rate of 0.5 kg B/ha as octaborate tetrahydrate. Nitrogen was also added at the rate of 50 kg/ha as
calcium nitrate and ammonium phosphate.
Planting Bed Construction
Beds were constructed using a tractor and bed-forming implement that creates black
plastic covered raised beds (15 cm high x 75 cm wide). At the same time, a drip irrigation tube
was added under the plastic layer with emitters every 30 cm. One main tube was attached to the
fertilizer injector system and four secondary lines were inserted into the main line per row. One
secondary line was turned on per row based on the fertilizer treatment being applied.
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Experimental Design
This experiment was set up with a randomized complete block design with four
treatments and five replications for a total of 20 experimental units. Each plot contained 20 ‘St.
Festival’ plants and data was collected on 12 plants with four plants at each end acting as buffer
plants between treatments. The cultivar ‘St. Festival’ was chosen for this experiment because
past research on this cultivar at the University of Arkansas Research Station has shown high fruit
quality, high production rates, low disease incidence, and few insect problems (Garcia, personal
communication).
Fertilizer applications were based on standards from North Carolina for the cultivar
Chandler grown under ambient conditions (Campbell and Miner, 1997). The fertilizer treatments
were applied via irrigation lines in the form of ammonium nitrate (34N-0P-0K). Treatment 1 was
a control treatment (no nitrogen was added), treatment 2 was 1.12 kg N/ha/day, treatment 3 was
1.68 kg N/ha/day, and treatment 4 was 2.24 kg N/ha/day. Total N received by treatment 1, 2, 3,
and 4 during the entire season through fertigation was 0 kg N, 117.6 kg N, 176.4 kg N, and 235.2
kg N, respectively.
Plug plants were established on 13 Sept. 2013. The plots were fertilized fifteen times
during the season on a sunny day after 12:00 PM (Table E.1). Fertigation occurred weekly except
when the temperature was too low, as the strawberry plants were not actively taking up nutrients
at this time (less than approximately 7°C). The fertigation system allowed each treatment to be
performed at once using a Dosamatic MicroDos 2 injector (Hydro Systems Company, Cincinnati
Ohio), which has a 5% injection rate and a max flow of 3 GPM. The fertilizer solution was
created using 500 mL water and the appropriate fertilizer rate based on treatment. Each solution
had 2 mL Turf Mark® Blue added in order to track the solution through the irrigation lines. Once
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all the solution had left the line, the fertigation system was turned off. Water was only applied to
the plants in the form of fertilizer solution. To confirm each plot was receiving the treatments as
assigned, a trial was performed to measure the solution that was being delivered to each plot.
Buckets were placed at the end of the drip line at the emitter and the solution was collected once
the solution turned blue (using 2 mL Turf Mark® Blue). Only blue solution was collected. The
volume of each sample was taken, and a subsample of that solution was analyzed using Skalar
SanPlus autoanalyzer. This colorimetric method is a modified Berthelot reaction using salicylate
and sodium nitroprusside and is adapted from USEPA method 351.2. EPA-600/4-79-020, revised
1983. This analysis was conducted at the Agricultural Diagnostic Laboratory- Altheimer – Dept.
of C.S.E.S., University of Arkansas, Fayetteville. Results of that trial indicated that the rate of
fertilizer solution being delivered to each plot was accurate.
Plant Tissue Analysis
To evaluate the effects of different nitrogen fertilizer treatments, foliar and petiole
analyses were taken seven times throughout the study (Table E.4). Sampling was done on sunny
day because solar exposure strongly affects petiole NO3-N levels in strawberry plant tissues
(Hicks et al., 2015). The procedure was the same for each sample. Six most recently mature
trifoliate leaves (MRMLs) were sampled at random per plot and combined for each treatment
(Campbell and Miner, 2000). Petioles were removed from the leaves and analyzed separately.
After collection, leaves and petioles were rinsed in deionized water. In the laboratory, leaves
were dried for 24 hr at 55oC in a convection oven. Samples were analyzed for total N, which was
conducted by combustion in an Elementar rapid N III analyzer instrument (Elementar Americas
Inc., Mt. Laurel, NJ), and P, K, S, and B by wet digestion using concentrated nitric acid and 30%
hydrogen peroxide on a hot block (Jones and Case, 1990). A 0.25 g sample was digested and
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brought to 25 mL volume. The digestate was analyzed using an inductively coupled plasma
spectrophotometer (ARCOS-SOP, ICP - Spectro Analytical Instrument, Mahwah, NJ). Nitrate
nitrogen in the petioles was determined by extraction with water and colorimetric analysis by
nitration of salicylic acid with measurement using a ThermoSpectronic 20D+ spectrophotomer.
This analysis was conducted at the Agricultural Diagnostic Laboratory- Altheimer – Dept. of
C.S.E.S., University of Arkansas, Fayetteville.
Soil Analysis
Soil samples were taken from the tunnel at four times during the experiment. One sample
was taken before planting on 22 Aug. 2013. After planting, one sample was taken on 12 Nov.
2013 before colder temperatures began. During harvest, one sample was taken on 10 Apr. 2014.
A final sample was taken one week before removal of the plants from the tunnel on 30 May 2014
(Table E.3). For each sample, five soil cores were taken randomly from each plot of one
treatment (6 plots/treatment). Those soil cores were mixed together, and a subsample was taken
from that mix and analyzed. To measure pH and EC, a 1:2 soil-water ratio (weight:volume) was
measured using the method indicated by Donahue (1983). Nitrate nitrogen was measured using a
KCl extraction with analysis by the cadmium reduction method using a Skalar SanPlus
autoanalyzer. To measure P, K, Ca, Mg, S, Zn, Fe, Mn, Cu, and B, soil samples were extracted
by Mehlich-3 solution (Mehlich, 1984), and the extract was measured by using the Spectro
ARCOS-SOP (side on plasma)-ICP method at the Agricultural Diagnostic Laboratory –
Altheimer- Dept. of Crop Soil and Environmental Science, University of Arkansas, Fayetteville.
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Yield Components
Data was collected on yield components, including marketable fruit weight and number,
unmarketable fruit weight and number, and average fruit weight. Crown number was counted
two times during the season, and plant and root dry weight was measured at the end of the
growing season. Berries were deemed marketable based on: color (berries must be uniformly red
having no white and/or otherwise unripe portion extending more than 1/4 below the cap), luster
(berries must have a shiny and appealing luster), shape (berries must have a uniform shape with
no folding/fissuring open/hollow centers, or other disfigurement), physical damage (no scathing,
bruises, holes, bites, cuts, sun scald, water damage, etc.), and disease and rot (no signs of disease
or rot).
Analysis. All total season harvest yield components (marketable fruit weight and number,
unmarketable fruit weight and number, average fruit weight), crown number, and root and plant
dry weight were tested using the GLM procedure in SAS (SAS version 9.3, SAS Institute, Cary,
NC).
Soluble Solids
Measurements of soluble solids were taken each time fruit was harvested. Fruit was
harvested by treatment and combined to form a composite. Three sub-samples of three berries
were taken from the composite and analyzed using a refractometer. Due to limited resources,
samples were not taken by plot.
Mite Sampling
Five leaflets per plot were removed from the middle canopy of the plant every two weeks
beginning on 16 Jan. 2014 and ending 22 May 2014 (Table E.2). Leaves were bagged and
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labeled in sealable storage bags and stored in a refrigerator until processed. In the lab, TSSM
were counted on each leaflet using a stereoscope.
Analysis. Data was log transformed because it showed a non-normal pattern and analyzed
using the MIXED procedure in SAS (SAS version 9.3, SAS Institute, Cary, NC).

Results
Yield Components
There were no significant differences among nitrogen fertilizer treatments for marketable
weight (F=1.78 and P=0.20), marketable number (F=1.59 and P=0.24), unmarketable weight
(F=0.53 and P=0.67), or unmarketable number (F=0.21 and P=0.89).
Plant Tissue Analysis
Due to the restrictive cost of plant tissue analysis, samples were not taken by plot.
Therefore, this data was not statistically analyzed (Table E.4).
Soil Analysis
Due to the restrictive cost of plant tissue analysis, samples were not taken by plot.
Therefore, this data was not statistically analyzed (Table E.3).
Mite Sampling
There were no significant differences in mite incidence between treatments for any
sampling date using Fisher’s Protected LSD test (p<0.05).
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Fig 3.1 Two-spotted spider mite (Tetranychus urticae Koch) count on 22 May 2014 in a high
tunnel not sprayed for spider mites with four nitrogen fertilizer treatments*
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2.2 kg/ha/day

Discussion
Due to the cold winter temperatures (Fig. B.1), a large population of TSSM was never
established. Our results indicated there is no relationship between N fertilization and TSSM
incidence for strawberries grown under high tunnel production, but these results may not be
accurate for a winter with stable and warm temperatures. In an attempt to artificially populate the
strawberry plants with TSSM, lima bean plants (Phaseolus lunatus- L.) infested with TSSM
were placed in the plots on 8 May 2014. However, the plants were senescing rapidly with the
increase in temperature, and plants stopped producing marketable fruit on 19 May 2014. This
study should be repeated to compare the results of this experiment to results from a winter with
favorable conditions for TSSM population growth. No economic threshold was created from this
experiment.
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Conclusions
Revitalizing strawberry production in Arkansas is a major focus of research for the
University of Arkansas Strawberry Research Program. The use of season extension technologies
is one method of improving yield and fruit quality for Arkansas growers.
The results of the study in chapter 1 indicate that there is great potential to grow the
cultivar ‘Strawberry Festival’ under high tunnel production systems sustainably. Reducing N
inputs would benefit not only the cultivated soil, but also the surrounding water bodies.
Decreasing soluble salt inputs would reduce the need for soil remediation such as liming.
Because ‘St. Festival’ does not respond to post-plant N fertilization, the cost of production
decreases because N fertilizer additions are no longer needed. However, the cost of the high
tunnel structure must be included in the production budgets.
The results of the study in chapter 2 indicate that root morphology parameters do not
explain ‘St. Festival’s response to nitrogen fertilization. The standard cultivar grown in the midsouth, ‘Chandler’, had a more developed root system than ‘St. Festival’ throughout the growing
period; however, leaf nitrogen concentration was not significantly different between cultivars.
Petiole nitrate-nitrogen was higher in ‘St. Festival’ at the end of the growing period as well.
Further research is needed to understand the movement and uptake of nitrogen in the ‘St.
Festival’ strawberry plant.
The results of the study in chapter 3 indicate that N fertilization rate does not affect twospotted spider mite (TSSM) infestation. However, cold winter temperatures prevented a large
population of TSSM from establishing in the high tunnel.
Overall, use of season extension technology and the cultivar ‘St. Festival’ shows promise
as a sustainable, high-yielding system in Arkansas.
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Appendix A. Foliar and petiole nutrient recommendations based on the cultivar ‘Chandler’
grown under ambient conditions
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Table A.1 Plant tissue sufficiency ranges for strawberries based on strawberry cultivar
‘Chandler’ grown under ambient conditions in North Carolina
Nutrients
Sufficiency Range
N (%)
3-4
P (%)
0.2-0.4
K (%)
1.1-2.5
Ca (%)
0.5-1.5
Mg (%)
0.25-0.45
S (%)
0.15-0.4
Fe (mg/kg)
50-300
Mn (mg/kg)
30-300
Zn (mg/kg)
15-60
Cu (mg/kg)
3-15
B (mg/kg)
25-50
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Table A.2 Petiole nitrate nitrogen from bloom to fruiting for strawberries based on strawberry
cultivar ‘Chandler’ grown under ambient conditions in North Carolina
Week*
Low (mg/kg)
High (mg/kg)
1
600
1500
2-3
4000
6000
4
3500
6000
5-8
3000
5000
9
2000
4500
10
2000
4000
11
1500
3000
12
1000
2000
* Sampling generally begins the first week of March and continues for 12 weeks
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Figure A.1 Petiole nitrate nitrogen in ‘Chandler’ strawberry under ambient conditions
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Appendix B. Daily temperature during the growing season of ‘Strawberry Festival’ grown
under high tunnel conditions
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Figure B.1 Air temperature recorded from a high tunnel in Fayetteville, AR with ‘St. Festival’
strawberry plants grown under four nitrogen fertilizer treatments
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Graph courtesy of Dr. Donn T. Johnson
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Appendix C. Fertilization dates, soil analysis data, and plant tissue analysis data for
‘Strawberry Festival’ strawberry grown under high tunnel conditions
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Table C.1 Dates of nitrogen fertilizer treatments of ‘Strawberry Festival’ strawberry grown under
high tunnels
22 Nov. 2013
17 Dec. 2013
27 Dec. 2013
13 Jan. 2014
20 Jan. 2014
18 Feb. 2014
11 Mar. 2014
18 Mar. 2014
2 Apr. 2014
9 Apr. 2014
16 Apr. 2014
23 Apr. 2014
2 Apr. 2014
8 Apr. 2014
15 Apr. 2014
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Table C.2 Soil analysis for ‘St. Festival grown under high tunnel conditions for four nitrogen
treatments
Soil pH (1:2 water) and soil EC (1:2 water) for ‘St. Festival grown under
high tunnel conditions for four nitrogen treatments
Trt.
Date
pH
EC (dS/m)
ALL
22 Aug. 2013
5.8
0.085
1
12 Nov. 2013
6.2
0.089
1
10 Apr. 2014
6.0
0.133
1
30 May 2014
5.8
0.162
2
12 Nov. 2013
6.1
0.143
2
10 Apr. 2014
5.8
0.209
2
30 May 2014
5.7
0.428
3
12 Nov. 2013
6.2
0.105
3
10 Apr. 2014
5.6
0.265
3
30 May 2014
5.6
0.301
4
12 Nov. 2013
6.2
0.097
4
10 Apr. 2014
5.2
0.348
4
30 May 2014
5.3
0.691

Soil nutrient concentrations for ‘St. Festival’ grown under high tunnel conditions
Trt.
ALL
1
1
1
2
2
2
3
3
3
4
4
4

Date
22 Aug. 2013
12 Nov. 2013
10 Apr. 2014
30 May 2014
12 Nov. 2013
10 Apr. 2014
30 May 2014
12 Nov. 2013
10 Apr. 2014
30 May 2014
12 Nov. 2013
10 Apr. 2014
30 May 2014

---------------------------------------------mg/kg-------------------------------------------------P
K
Ca
Mg
S
Na
Fe
Mn
Zn Cu B
NO3-N
30.1 135.6 674.8 73.3
12.8 5.2
132.2 201.9 2.2 1.5 0.3 7.9
28.3 129.8 830.5 82.4
30.3 7.5
157.0 151.2 2.4 2.8 0.2 14.2
24.8 118.9 842.1 90.3
27.5 12.7 146.6 153.2 2.6 2.5 0.5 14.4
22.3 86.6
854
94.8
32.8 12.1 153
161.8 2.6 3.1 0.4 7.8
27.6 130.7 855.8 86.1
29.8 7.0
160.4 152.1 2.5 2.9 0.3 16.2
22.7 121.2 898.9 99.5
22.6 9.4
172.0 155.6 2.5 2.8 0.4 37.4
21.5 93.3
939
111.6 56.2 13.7 180
160.6 2.5 3.0 0.4 77.0
25.8 132.9 856.3 87.7
26.2 7.4
163.7 152.8 2.3 2.7 0.2 13.1
22.9 109.5 856.4 94.9
19.5 9.2
163.1 141.8 2.3 2.6 0.2 63.0
22.0 84.2
833
99.2
24.0 11.1 171
160.5 2.3 2.9 0.3 65.8
26.3 125.4 795.8 82.1
21.8 6.8
169.8 145.4 2.4 2.7 0.3 11.5
22.8 119.1 821.2 95.0
18.0 11.8 158.0 146.5 2.8 2.7 0.3 98.6
22.4 99.2
968
120.6 22.5 13.6 174
168.7 2.4 2.8 0.3 199.1
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Table C.3 Plant tissue analysis for ‘St. Festival’ grown under high tunnel conditions and four
nitrogen fertilizer treatments
Date

Trt.*

Leaf %N

Leaf %K

Leaf %S

Leaf B (mg/kg)

Leaf %Ca

Petiole
NO3-N (mg/kg)

2.94
2.06
0.20
26.40
.
1936
3.00
1.80
0.18
26.00
.
2218
2.81
1.58
0.20
20.80
.
2083
2.95
1.57
0.19
23.00
0.37
2214
2.82
1.39
0.19
27.60
0.69
1654
2.37
1.47
0.14
39.40
0.66
917
2.17
1.62
0.13
24.90
0.36
1258
2.99
2.07
0.20
26.60
.
1455
2.93
1.77
0.18
26.30
.
2183
2.87
1.62
0.20
21.90
.
2212
3.12
1.61
0.21
26.50
0.39
2607
2.53
1.54
0.18
56.30
0.87
2613
2.41
1.47
0.15
38.00
0.61
1605
2.11
1.40
0.14
27.10
0.48
1258
2.93
1.99
0.20
26.90
.
1455
2.98
1.74
0.18
25.80
.
2007
3.32
1.79
0.22
22.70
.
1603
3.18
1.51
0.21
24.00
0.43
2500
2.87
1.36
0.19
28.70
0.75
2887
2.55
1.39
0.15
34.90
0.86
1569
2.36
1.52
0.15
24.80
0.43
1977
2.97
2.04
0.19
26.70
.
1647
3.01
1.72
0.18
26.00
.
2746
3.02
1.60
0.21
22.40
.
1699
3.07
1.58
0.19
40.50
0.55
2036
2.70
1.49
0.18
32.90
0.81
2819
2.59
1.50
0.15
29.60
0.75
1786
2.39
1.42
0.16
27.70
0.60
1750
* Trt.= (1: control, 2: 1.12 kg N/ha/day, 3: 1.67 kg N/ha/day, 4: 2.24 kg N/ha/day)
12 Nov. 2013
22 Jan. 2014
18 Mar. 2014
27 Mar. 2014
21 Apr. 2014
12 May 2014
28 May 2014
12 Nov. 2013
22 Jan. 2014
18 Mar. 2014
27 Mar. 2014
21 Apr. 2014
12 May 2014
28 May 2014
12 Nov. 2013
22 Jan. 2014
18 Mar. 2014
27 Mar. 2014
21 Apr. 2014
12 May 2014
28 May 2014
12 Nov. 2013
22 Jan. 2014
18 Mar. 2014
27 Mar. 2014
21 Apr. 2014
12 May 2014
28 May 2014

1
1
1
1
1
1
1
2
2
2
2
2
2
2
3
3
3
3
3
3
3
4
4
4
4
4
4
4
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Appendix D. Fertilizer solution and dates fertilized for ‘Strawberry Festival’ and
‘Chandler’ strawberries grown in a greenhouse
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Table D.1 Fertilizer concentrate solution for ‘St. Festival’ and ‘Chandler’ strawberries grown in
a greenhouse
Tank A*
Calcium nitrate
29.45 g
Potassium nitrate
11.85 g
Monopotassium phosphate
Magenesium sulfate
Iron chelate (11%)
4.5 g
Manganese sulfate
Zinc sulfate
Boric acid
Copper sulfate
Ammonium molybdate
Calcium EDTA
128.2 g
* Amount per liter of 100x concentrate

Tank B*
11.85 g
22 g
42 g
1g
32 mg
290 mg
21 mg
7 mg
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Table D.2 Dates fertilized using two-tank system with pump for ‘St. Festival’ and ‘Chandler’ in
a greenhouse
22 Sept. 2014
26 Sept. 2014
2 Oct. 2014
5 Oct. 2014
8 Oct. 2014
10 Oct. 2014
12 Oct. 2014
15 Oct. 2014
18 Oct. 2014
22 Oct. 2014
26 Oct. 2014
29 Oct. 2014
2 Nov. 2014
7 Nov. 2014
10 Nov. 2014
13 Nov. 2014
18 Nov. 2014
22 Nov. 2014
27 Nov. 2014
2 Dec. 2014
6 Dec. 2014
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Appendix E. Fertilization dates, mite sampling dates, soil analysis data, and foliar and
petiole analysis data for ‘Strawberry Festival’ strawberry grown under high tunnel
conditions with no spider mite control
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Table E.1 Dates of nitrogen fertilizer treatments of ‘Strawberry Festival’ strawberry grown under
high tunnels with no spider mite control
22 Nov. 2013
17 Dec. 2013
27 Dec. 2013
13 Jan. 2014
20 Jan. 2014
18 Feb. 2014
11 Mar. 2014
18 Mar. 2014
2 Apr. 2014
9 Apr. 2014
16 Apr. 2014
23 Apr. 2014
2 Apr. 2014
8 Apr. 2014
15 Apr. 2014
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Table E.2 Dates of mite sampling of ‘Strawberry Festival’ strawberry grown under high tunnels
19 Dec. 2013
16 Jan. 2014
30 Jan. 2014
13 Feb. 2014
27 Feb. 2014
13 Mar. 2014
27 Mar. 2014
10 Apr. 2014
24 Apr. 2014
8 May 2014
22 May 2014
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Table E.3 Soil analysis for ‘St. Festival’ grown under high tunnel conditions for four nitrogen
treatments in a tunnel not sprayed for spider mites
Soil pH (1:2 water) and soil EC (1:2 water) for ‘St. Festival grown under
high tunnel conditions for four different nitrogen treatments in a tunnel
not sprayed for spider mites
Trt.
Date
pH
EC (dS/m)
ALL
22 Aug. 2013
5.4
0.061
1
12 Nov. 2013
5.6
0.071
1
10 Apr. 2014
5.4
0.090
1
30 May 2014
5.3
0.234
2
12 Nov. 2013
5.5
0.073
2
10 Apr. 2014
5.0
0.187
2
30 May 2014
5.1
0.343
3
12 Nov. 2013
5.6
0.073
3
10 Apr. 2014
4.9
0.188
3
30 May 2014
5.0
0.286
4
12 Nov. 2013
5.6
0.066
4
10 Apr. 2014
4.7
0.280
4
30 May 2014
4.7
0.467

Soil nutrient concentrations for ‘St. Festival’ grown under high tunnel conditions
with four nitrogen fertilizer treatments in a tunnel not sprayed for spider mites
Trt.
ALL
1
1
1
2
2
2
3
3
3
4
4
4

Date
22 Aug. 2013
12 Nov. 2013
10 Apr. 2014
30 May 2014
12 Nov. 2013
10 Apr. 2014
30 May 2014
12 Nov. 2013
10 Apr. 2014
30 May 2014
12 Nov. 2013
10 Apr. 2014
30 May 2014

---------------------------------------------mg/kg-------------------------------------------------P
K
Ca
Mg
S
Na
Fe
Mn
Zn Cu B
NO3-N
6.3
61.1
713.4 53.4
9.0
6.1
76.4
77.8
0.9 0.7 0.2 7.7
16.6 73.6
715.1 57.3
20.2 6.7
90.1
67.1
2.3 2.8 0.2 13.3
12.9 58.0
690.0 61.1
20.2 8.8
84.2
68.2
2.0 2.7 0.4 7.5
13.9 57.8
739
71.8
37.0 9.6
105
80.5
2.4 3.4 0.4 35.0
15.8 75.0
756.8 62.9
23.2 6.5
86.2
67.8
2.3 3.0 0.2 19.9
13.9 62.4
713.1 64.4
23.0 8.7
77.5
71.1
2.3 2.6 0.5 32.9
14.6 53.2
790
78.1
42.4 11.2 100
87.1
2.8 4.2 0.4 71.5
15.2 70.8
687.8 57.2
16.3 6.5
91.1
67.9
2.4 3.2 0.2 13.3
15.7 73.0
672.9 59.8
13.6 9.8
85.3
73.3
3.8 3.1 0.4 40.0
11.9 50.8
800
67.7
22.8 9.3
93
83.9
2.7 3.4 0.3 64.5
16.7 76.1
788.4 64.6
22.4 7.8
97.0
73.8
2.6 3.2 0.2 10.2
13.6 61.5
708.9 63.6
15.7 9.7
88.6
77.6
2.9 2.6 0.3 75.7
14.0 51.9
803
77.5
33.6 10.6 106
90.7
2.7 3.3 0.3 124.1
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Table E.4 Plant tissue analysis for ‘St. Festival’ grown under high tunnel conditions with no
spray for spider mite
Date

Trt.*

Leaf %N

Leaf %K

Leaf %S

Leaf B (mg/kg)

12 Nov. 2013
22 Jan. 2014
18 Mar. 2014
27 Mar. 2014
21 Apr. 2014
12 May 2014
28 May 2014
12 Nov. 2013
22 Jan. 2014
18 Mar. 2014
27 Mar. 2014
21 Apr. 2014
12 May 2014
28 May 2014
12 Nov. 2013
22 Jan. 2014
18 Mar. 2014
27 Mar. 2014
21 Apr. 2014
12 May 2014
28 May 2014
12 Nov. 2013
22 Jan. 2014
18 Mar. 2014
27 Mar. 2014
21 Apr. 2014
12 May 2014
28 May 2014

1
1
1
1
1
1
1
2
2
2
2
2
2
2
3
3
3
3
3
3
3
4
4
4
4
4
4
4

3.08
2.93
3.05
3.08
2.55
2.59
2.21
3.15
3.02
3.19
3.43
2.77
2.72
2.19
2.93
2.98
3.32
3.18
2.87
2.55
2.38
2.97
3.01
3.02
3.07
2.70
2.59
2.51

2.07
1.76
1.55
1.40
1.29
1.37
1.54
2.09
1.74
1.60
1.66
1.44
1.29
1.34
1.99
1.74
1.79
1.51
1.36
1.39
1.46
2.04
1.72
1.60
1.58
1.49
1.50
1.47

0.21
0.19
0.20
0.20
0.17
0.16
0.14
0.21
0.20
0.21
0.21
0.17
0.16
0.15
0.20
0.18
0.22
0.21
0.19
0.15
0.15
0.19
0.18
0.21
0.19
0.18
0.15
0.15

26.90
27.80
26.90
32.30
59.10
38.80
30.50
26.60
27.30
27.10
26.70
70.40
34.40
28.60
26.90
25.80
22.70
24.00
28.70
34.90
28.20
26.70
26.00
22.40
40.50
32.90
26.90
26.10

Leaf %Ca Petiole
NO3-N (mg/kg)
.
1647
.
2078
.
1731
0.49
2000
0.79
1551
0.77
1351
0.40
1220
.
2064
.
1655
.
2596
0.34
2107
0.90
2373
0.81
1460
0.48
1636
.
1455
.
2009
.
1603
0.43
2500
0.75
2887
0.86
1569
0.46
1750
.
1647
.
2746
.
1699
0.55
2036
0.81
2819
0.75
1786
0.53
2053

* Trt.= (1: control, 2: 1.12 kg N/ha/day, 3: 1.67 kg N/ha/day, 4: 2.24 kg N/ha/day)
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